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FOREWORD

The achievement of National goals for energy conservation and environmental protection will
rely on technology more advanced than we have at our disposal today. Combustion at present
accounts for 85% of the energy generated and used in the U.S. and is likely to remain a dominant
source of energy for the coming decades. Achieving energy conservation while minimizing
unwanted emissions from combustion processes could be greatly accelerated if accurate and
reliable means were at hand for quantitatively predicting process performance.

The reports appearing in this volume present work in progress in basic research contributing to
the development of a predictive capability for combustion processes. Most of the work reported
herein is supported by the Department of Energy's Office of Basic Energy Sciences (BES) and a
large fraction by the chemical physics program. The long-term objective of this effort is the
provision of theories, data, and procedures to allow the development of reliable computational
models of combustion processes, systems, and devices

The development of reliable models for combustion requires the accurate characterization of
turbulent flow, chemistry, and the interaction between the two. In contributing to this end, BES
supports basic research to meet a variety of needs.

> For even the simplest fuels, the chemistry of combustion consists of hundreds of reactions.
Key reaction mechanisms, the means for characterizing these mechanisms and the means for
determining which of the constituent reaction rates are critical for accurate characterization

are all required.

» For reactions known to be important, accurate rates over wide ranges of temperature, pressure
and composition are required. To assess the accuracy of measured reaction rates or to predict
rates that would be too difficult to measure, theories of reaction rates and means for
calculating their values either from first principles or semiempirically from known
thermodynamic properties are needed.

> Energy flow and accounting must be accurately characterized and predicted.

» Methods for reducing the mathematical complexity inherent in hundreds of reactions, without
sacrificing accuracy and reliability are required. Methods for reducing the computational
complexity of computer models that attempt to address turbulence, chemistry, and their
interdependence and also needed.

Although the emphasis in this list is on the development of mathematical models for simulating
the gas phase reactions characteristic of combustion, such models, from the chemical dynamics
of a single molecule to the performance of a combustion device, have value only when
confirmed by experiment. Hence, the DOE program represented by reports in this volume
supports the development and application of new experimental tools in chemical dynamics,
kinetics, and spectroscopy.

The success of this research effort will not be measured by the quality of the research performed
or the profundity of the knowledge gained, as critical as these may be. Rather it will be
measured primarily by the degree to which it contributes to goals of resource conservation and
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environmental stewardship. The basic research community has therefore a responsibility to be
continuously attuned to the usefulness of the knowledge it creates and to optimize that usefulness
wherever possible. Computational models of physical processes provide a most efficient means
for ensuring the usefulness and use of basic theories and data. Although the combustion
modeling and simulation initiative in the FY 2000 Department of Energy budget failed in the end
to gain the support of the Congress, it is still widely recognized that modeling and simulation
will play an increasing role in modern technology development. This year the budget request
from the Department of Energy contains a request for additional resources for computational
chemistry though at a level much reduced from last year’s request.

The usefulness of the basic research programs of the Department can also benefit from closer
collaboration with the technology research programs of the Department to the enrichment of
both. In recognition of such benefit, this year’s meeting includes presentations describing work
supported by the Coal Utilization Sciences program of the Department of Energy’s Office of
Fossil Energy.

During the past year, the Chemical Physics program has continued to benefit from the
involvement of Dr. Eric Rohlfing, program manager for the Atomic, Molecular and Optical
Physics program, and Dr. Allan Laufer, team leader for the fundamental interactions programs,
both of the Chemical Sciences, Biosciences, and Geosciences Division, and their contributions
are hereby gratefully acknowledged. The efforts of Leila Gosslee and Kristy Duncan of the Oak
Ridge Institute for Science Education in the arrangements for the meeting are also much
appreciated.

William H. Kirchhoff
Fundamental Interactions Team
Chemical Sciences, Geosciences and Biosciences Division

Office of Basic Energy Sciences
e-mail: william kirchhoff@science.doe.gov

May 30, 2000
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Agenda
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3:00 pm Registration
6:00 pm Dinner
7:30 pm Welcoming Remarks

7:45 pm Invited Lecture

Computational chemistry: not theory, not experiment. Is it science?

: Dr. Karl Irikura
Physical and Chemical Properties Division
National Institute of Standards and Technology

Abstract. Throughout the R&D community, modeling and simulation are increasingly attractive
economically, and are correspondingly important. This is especially evident in chemistry, where
it has become unusual to find purely experimental papers in many of the pedigreed journals. A
new type of scientist has emerged, who neither develops new theories of nature nor observes
natural phenomena: the computational scientist. I will present some opinions about the apparent
trichotomy of theory, experiment, and computation. The maturing role of computational
chemistry will be illustrated using three recent technical projects in the areas of molecular
spectroscopy, physical chemistry, and organic chemistry.

9:00 pm ' Reception
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Analysis of Turbulent Reacting Flow

William T. Ashurst and Alan R. Kerstein
Combustion Research Facility -
Sandia National Laboratories

Livermore, CA 94551-0969
Email: ashurs @ca.sandia.gov

PROGRAM SCOPE

Turbulent combustion involves processes ranging from femtosecond chemical dynamics to
macroscopic flow phenomena. This project utilizes numerical simulation to study the interactions -
between the finest scales of fluid flow and physical and chemical effects that are simulated at the
atomistic or the continuum level. The atomistic simulations use Molecular Dynamics (MD) to
investigate the effects of atomic-level fluctuations on liquid atomization under diesel injection
conditions. The continuum simulations use Direct Numerical Simulation (DNS) and One-.
Dimensional Turbulence (ODT) to investigate continuum-level fluctuation effects (e.g., turbulent
eddies) at moderate and high turbulence intensity, respectively. The range of tools and of
regimes examined will allow the development of a model of liquid-fuel atomization in engines
that reflects the fundamental governing mechanisms, and accordingly, will provide needed
predictive capabilities. MD and ODT are also used to study fundamental interactions between
chemical kinetics and flow in gaseous combustion processes.

MD simulates the interactions of atoms or molecules as they move under the influence of an
interaction potential. The simple Lennard-Jones pair potential is used in this work. Chemical
reactions, wall effects, and global forcings (e.g., volumetric expansion) are incorporated into the
simulations to reflect the corresponding features of the multiphase and combustion phenomena of
interest.

DNS solves the 3D continuum equations of motion. For the atomization problem, an interface
subject to surface tension is incorporated.

ODT is a 1D model formulated as a fully resolved unsteady simulation representing the time
evolution-of velocity profiles and advected fluid properties along a 1D line of sight in a turbulent

-flow. In this formulation, viscous momentum transport, species molecular transport, and
chemical reactions evolve according to 1D equations of conventional form, as in 1D laminar
strained flame computations. Turbulent eddies are represented by instantaneous rearrangements
of property profiles on the 1D domain. The occurrence of these rearrangements is governed by a
statistical sampling procedure in which event likelihoods depend on local turbulence production
mechanisms (e.g., shear profile along the 1D domain). The rearrangement rules induce gradient
amplification and fluid overturns that simulate reacting flow phenomena such as the unsteady
evolution of multiple interacting flamelets.

RECENT PROGRESS

Atomization of a diesel fuel jet occurs over microsecond time scales and over sub-millimeter
distances. The liquid jet breakup may depend upon cavitation and involves creation of new liquid
surface area. Neither of these effects are well described by continuum models of fluid dynamics.



To obtain a direct numerical simulation of the atomization process, we have used the molecular
dynamics (MD) method which directly computes the atomic motion [1]. Instead of the complete
fuel jet breakup, we have simulated a much smaller homogeneous volume of liquid which
undergoes atomization during an applied rapid expansion. In the calculations, the liquid volume
is composed of 32,000 atoms, and it is expanding into a vacuum, with expansion time scales from
1 to 100 picoseconds.

It is found that the mean droplet size has a power-law dependence upon the initial expansion rate,
in agreement with two continuum models of fragmentation. Extrapolation of the MD results to
larger systems yields agreement with experimental results obtained with the free-jet expansion of
liquid helium (2], in which the largest drop contains 40 million atoms. This comparison must be
interpreted cautiously: the flow-induced strain rates created in the jet are more complex than the
uniform expansion rates used in the MD -simulations. An additional numerical factor of three
could enter into the comparison if the estimated axial strain rate before the jet orifice is used. To
provide more information, additional MD. simulations [3] which used various axisymmetric
expansions, instead of just the triaxial expansion described above, were done in order to more
closely duplicate the expanding jet configuration. The mean droplet size in these axisymmetric
cases was only a few percent larger than the symmetric-triaxial results. Thus, the axisymmetric
expansion of a liquid produces fragmentation which depends strongly on the volume expansion
rate, and only weakly on the composition of the expansion.

MD simulations using the Lennard-Jones energy potential have been compared with continuum
solutions of reaction and diffusion in a dilute gas [4]. The reaction model is a passive one in
which high energy bath atoms create a species, at dilute concentrations, which may have a very
fast consumption reaction. This construction emulates typical fast reaction pathways involved in
the fuel breakup in a hydrocarbon flame. Using the reaction rates and the diffusivities obtained
from the molecular simulations, it is found that a continuum solution can describe the reactive
atom density spatial distribution with good accuracy. Based on this agreement, it is possible to
estimate which reaction rates will produce negligible diffusive spreading, and hence, which
species might be assumed to be in chemical equilibrium in continuum reacting flow calculations.

The ODT methodology incorporates two features that capture the essential attributes of
turbulence-microscale interaction processes. First, rearrangement events modify shear profiles,
which in turn govern the occurrence of subsequent events. This two-way coupling induces
complex behaviors based on the simple rules of model. In particular, rearrangements occur in
sporadic bursts that obey the scaling laws of the inertial-range turbulent cascade. This is the
universal or generic characteristic of the model. Second, the conventional continuous-time
evolution of the 1D viscous advection-diffusion-reaction equations incorporates flow-specific
behaviors through the imposed initial and boundary conditions and body forcings (e.g.,
buoyancy). These flow-specific behaviors include transients, spatial inhomogeneities, and
energy-transfer processes that modify the cascade process in the simulations, much as in 3D
Navier-Stokes turbulence.

This formulation reproduces many of the known flow-specific as well as generic scaling laws of
turbulence [5]. Moreover, it reproduces remarkable large-scale structure induced by turbulence-
microphysics interactions. In particular, recent work simulated the spontaneous formation of
layered structure in a buoyant flow with an imposed stable salinity gradient, destabilized by
heating from below [6]. The layering is a result of the difference between the molecular
diffusivity of salt and heat in water. Fully resolved 3D simulation of the range of scales from thin
diffusive interfaces between layers to the largest turbulent eddies is unaffordable. Models that
involve spatial or temporal averaging cannot capture the physics driving structure formation.



ODT is unique in its capability to capture the relevant physics. The simulations demonstrated this
capability as well as clarifying the mechanistic origins of aspects of the layering process.

As a step toward simulation of turbulent jet diffusion flames, ODT simulations of two time-
developing planar free shear flows, the jet and the mixing layer, were compared to DNS results
[7]. The comparisons indicate that ODT captures the principal features of free shear flow
structure and energetics. Comparable performance has been demonstrated for homogeneous
turbulence, wall boundary layers, and buoyancy driven flows 5, 8].

The planar jet simulation has been generalized for application to turbulent jet diffusion flame
measurements at the Combustion Research Facility and other institutions involved in the
Turbulent Nonpremixed Flame (TNF) workshop series and research collaboration. Comparisons
of computed results to the mean evolution and fluctuation statistics of reactive species measured.
in turbulent diffusion flames are underway. Initial applications to H2-air and CH4-air flames
indicate that the model performs as well as the available alternatives, with less empiricism [9, 10].

Another recent application involved incorporation of a multistep thermonuclear reaction
mechanism into ODT in order to simulate a turbulent nuclear flame. The goal was to investigate
the possibility that a combination of strain, turbulent transport, and transient flame interactions
might induce thermal conditions allowing a transition to detonation, a possible mechanism for
supernova explosion. The computed results suggested that this scenario may not be consistent
with current estimates of conditions leading up to the explosion [11].

FUTURE DIRECTIONS

The MD fragmentation studies to date achieved a homogeneous strain rate by imposing periodic
boundaries that translate at a constant rate, with adjustment of the velocity of an atom crossing a
boundary to account for the spatial gradient in the imposed initial velocity. Alternatively,
fragmentation can be accomplished within a constant domain by incorporating a shrinking
molecular diameter along with an increasing potential well depth. Those atoms which remain
close to other atoms will remain in a liquid state, and those atoms which become isolated will be
in a gaseous state. This system will be simulated to determine whether the droplet distribution is
the same as found in the expanding system, an equivalence that is plausible but not guaranteed.

The results may motivate further fundamental study of the fragmentation process. In particular, it
is interesting to consider whether the transient evolution of the liquid state during fragmentation
can be approximated in some cases by a sequence of equilibrium states. As the evolving
equilibrium approaches a phase transition, enhanced fluctuations associated with the critical
properties of the phase transition may be anticipated. These enhanced fluctuations may be the
precursors of long-tailed fragment distributions. In fact, the enhanced fluctuations at criticality
may become frozen (a departure from the assumed equilibrium) because correlation times slow
down near criticality, causing the fluctuations to evolve more slowly than the time scale of the
'imposed expansion. Thus, the expansion would tend to trap the fluid in a critical state once
criticality is reached. This proposed scenario will be analyzed to determine whether numerical or
experimental tests can ascertain its validity.

A 3D continuum calculation of flow thfough a nozzle, followed by free jet expansion that
includes both liquid and gaseous phases, has been started. These calculations will indicate which
feature of the nozzle flow produces the strain rate that causes atomization.



An adaptation of the ODT approach will be developed to model liquid-jet breakup. This
formulation will complement the MD and DNS methodologies because it will be applicable to
larger system sizes than MD and higher injection rates than DNS. Use of three methodologies
will provide an overall picture of the contributions of atomic interactions, anisotropic strain, and
liquid-phase turbulence, respectively, to the atomization process.

ODT simulations will be performed in support of measurements planned in the new Turbulent
Combustion Laboratory in the Combustion Research Facility. Line Raman measurements will
provide 1D instantaneous species concentration profiles from turbulent diffusion flames. ODT is
unique among available models in its ability to predict any quantity derivable from line Raman.
It therefore allows the most thorough comparisons between model and measurement.

REFERENCES

(1] Wm. T. Ashurst and B. L. Holian, Phys. Rev. E 59, 6742 (1999).

[2] E. L. Knuth and U. Henne, J. Chem. Phys. 110, 2664 (1999).

" [3] Wm. T. Ashurst and B. L. Holian, J. Chem. Phys. 111, 2842 (1999).

[4] Wm. T. Ashurst, H. N. Najm and P. H. Paul, Comb. Theor. Model., accepted for publication.

[5] A. R. Kerstein, J. Fluid Mech. 392, 277 (1999).

[6] A. R. Kerstein, Dyn. Atmos. Oceans 30, 25 (1999).

{71 A. R. Kerstein and T. D. Dreeben, Phys. Fluids 12, 418 (2000).

[8] T.D. Dreeben and A. R. Kerstein, Int. J. Heat Mass Transf., accepted for publication.

[9] T. Echekki, A. R. Kerstein, J-Y Chen, and T. D. Dreeben, Comb. Flame, submitted for
publication.

[10] T. Echekki, A. R. Kerstein, and J-Y Chen, Comb. Flame, submitted for pubhcanon

[11] A. M. Lisewski, W. Hillebrandt, S. E. Woosley, J. C. Niemeyer, and A. R. Kerstein,
Astrophys. J., accepted for publication.

PUBLICATIONS SINCE 1998

Wm. T. Ashurst, “Flow Frequency Effect upon Huygens Front Propagation,” Comb. Theor.
Model., accepted.

Wm. T. Ashurst and B. L. Holian, “Droplet Formation by Rapid Expansion of a Liquid,” Phys.
Rev. E 59, 6742 (1999).

Wm. T. Ashurst and B. L. Holian, “Droplet Size Dependence on Volume Expansion Rate,” J.
Chem. Phys. 111, 2842 (1999).

Wm. T. Ashurst, H. N. Najm and P. H. Paul, “Chemical Reaction and Diffusion: a Comparison of
Molecular Dynamics Simulations with Continuum Solutions,” Comb. Theor. Model., accepted.
Y. Hu, R. Hurt, J. Calo, and A. R. Kerstein, “Kinetics of Orientational Order/Disorder Transitions
and Their Application to Carbon Material Synthesis,” Model. Sim. Mat. Sci. Eng. 7, 275 (1999).
A. R. Kerstein, “One-Dimensional Turbulence - Part 2. Staircases in Double-Diffusive
Convection,” Dyn. Atmos. Oceans 30, 25 (1999).

A. R. Kerstein and T. D. Dreeben, “Prediction of Turbulent Free Shear Flow Statistics Using a
Simple Stochastic Model,” Phys. Fluids 12, 418 (2000).

A. M. Lisewski, W. Hillebrandt, S. E. Woosley, J. C. Niemeyer, and A. R. Kerstein, “The
Distributed Burning in Thermonuclear Supernovae of Type IA,” Astrophys. J., accepted.



Modeling Unimolecular Reactions Dynamics of Moderate Sized Ionic Systems
Tomas Baer (baer@unc.edu)
Department of Chemistry
University of North Carolina
Chapel Hill, NC 27599-3290

DOE Grant DE-FG02-97ER14776

Program Scope -

The photoelectron photoion coincidence (PEPICO) technique is utilized to investigate the
dissociation dynamics and thermochemistry of energy selected medium to large organic molecular
ions. Extensive modeling of the dissociation rate constant using the RRKM theory or variational
transition state theory (VTST) is necessary in order to determine the dissociation limit of energy
selected ions. These are carried out with the aid of molecular orbital calculations of both the ions
and the transition states connecting the ion structure to its products. The result of these
investigations yield accurate heats of formation of ions.and free radicals.

The PEPICO Experiment

The photoelectron photoion coincidence (PEPICO) experiment in Chapel Hill is carried
out with a laboratory H, discharge light source. Threshold electrons are collected by passing
them through a set of small holes that descriminate against electrons with perpendicular velocity
components.  The electrons provide the start signal for measuring the ion time of flight
distribution. When ions dissociate in the microsecond time scale, their TOF distributions are
asymmetric. The dissociation rate constant can be extracted by modeling the asymmetric TOF
distribution.

Recent Results

A Photoelectron-Photoion Coincidence Study of the ICH;CN Ion Dissociation: The
Thermochemistry of 'CH,CN, *CH,CN, and ICH,CN

The dissociation energies and dissociation dynamics of iodoacetonitrile (ICH,CN) have been
investigated by the photoelectron photoion coincidence (PEPICO) spectroscopy technique. The
OK onsets for the following products were determined: "CH,CN + I' (12.188 + 0.005 eV) and
"CH,CN + 1" (12.345 +£ 0.010 eV). From the difference between these two values the ionization
energy of the ‘CH,CN was found to be 10.294 + 0.010 eV. By using a thermodynamic cycle that
involves the gas phase acidity of CH;CN, the electron affinity of the 'CH,CN radical, and an
accurate heat of formation of acetonitrile, a Ad°23(ICH,CN) of 172.5 + 4.0 kJ mol™ is derived.
This latter value is considerably higher than the best theoretical value of 153 kJ mol™.

The Dissociation Dynamics and Thermochemistry of Energy Selected CpCo(CO);" Ions

Photoelectron photoion coincidence (PEPICO) spectroscopy has been used to investigate the
dissociation dynamics of cobalt pentadienyl dicarbonyl CpCo(CO),". The dissociation proceeds
by the sequential loss of the two CO molecules. Both reactions proceed with no reverse
activation energies and are slow near their dissociation onset. The OK onset was determined by
modeling the measured dissociation rate constants with variational transition state theory to take
into account the varying location of the transition state with ion internal energy. The ionization
energy of CpCo(CO)," was measured from the threshold photoelectron spectrum to be 7.35 eV.



The neutral CpCo(CO)," gas phase heat of formation of -117+10 kJ/mol was determined from the
liquid value by measuring the heat of vaporization of 52.12+0.68 kJ/mol. The first Co-CO bond
energy in the CpCo(CO)," was found to be 1.5440.01 eV (148.8+1 kJ/mol) giving a gas phase
heat of formation of 752+10 kJ/mol for CpCoCO". The second Co-CO bond energy in CpCoCO"
was measured to be 1.49+0.01 eV (144.2+1 kJ/mol) resulting in a gas phase heat of formation of
CpCo” to be 1106+10 kJ/mol.

The interest in these compounds is that they have been used extensnvely as catalysts for a
variety of reactions important in biology and industry. Their effectiveness depends on several
factors of which the availability of metal sites that can participate in the chemical reaction is of
paramount importance. The metal site becomes available when one of the ligands leaves, a
process that is strongly affected by the metal ligand bond. In the case of cobalt cyclopentad1eny1
dicarbonyl, the two weakly bound ligands are the CO groups while the cyclopentadienyl group'is
strongly bound to the cobalt atom. The cobalt cyclopentadienyl dicarbonyl is the parent molecule
for a host of important catalysts used for a variety of organic reactions. Substation of
pentamethyl cyclopentadienyl for the cyclopentadienyl group is a common modification since it
has a strong +I effect resulting in stabilization of the metal orbitals. The carbonyl ligands can also
be replaced by ethylene, H,CCHSiMe;, etc. groups. These organometallic compounds have
recently been used to catalyze [2+2+2] cycloaddition of diynes, as well as for intramolecular
hydroacylation of vinyl silanes.

Of particular interest is the possibility to determine the neutral reaction by measuring the
ionization energy of CpCoCO. Heating the inlet system can generate this transient species, a fact
noted a number of years ago when these compounds were first investigated by mass spectrometry.
In addition, if the energy of the process:

CpCo(CO), + hv > Cp* + Co" +2 CO

can be measured, the heat of formation of the neutral organometallic complex can be determined
because the heats of formation of the products are all fairly well established. The onset for this
reaction is above the 14 eV available in the laboratory light source in our Chapel Hill laboratory.
It will be measured at the Advance Light Source chemical dynamics facility.

Pulsed Field Ionization — Photoelectron Photoelectron Photoion Coincidence (PFI-PEPICO)
Studies at the Advanced Light Source

A major advance in ion state selection was achieved at the chemical dynamics beam line of
the ALS when the high-resolution capability of pulsed field ionization was coupled with ion
coincidence measurements.  The standard threshold photoelectron photoion coincidence
(TPEPICO) technique is generally limited to 5-10 meV resolution. This resolution is only
possible when using synchrotron radiation operating in the few bunch mode so that the electrons
can be energy selected not only by their angular distributions, but by their time of flight as well.
Because all third generation synchrotrons have great difficulty in operating in the few bunch mode
because of low electron currents, 5 meV resolution cannot be practically achieved. The advance
that has made possible high-resolution PEPICO studies with multi-bunch mode synchrotron
radiation is based on two properties of the ALS light. First the 6.65 m monochromator can
achieve the very high resolution necessary to make PFI feasible. Secondly, the pulse structure of
the ring contains a 144 ns “dark” gap in which no light is generated. We have utilized this dark
gap to distinguish the direct electrons from the long-lived field ionized Rydberg states. The result
is a scheme that permits sub-meV resolution for ions such as CH,.



A number of hydrocarbon systems have been investigated, including CH,, C;H,, C,H;Br,
Cs;H,Cl, CsH;Br, and CsH;I. The dissociation limits for these ions were determined with a
precision of 1-5 meV. The dissociative photoionization onset for the reaction:

CH,+hv=> CH;  +H : AE =14.323 +0.001 eV

By combining this onset with the accurate measurement of the IE of CH;" that was measured by
Chen and White with PFI, we obtain an H-CHj; bond energy of 4.487 £ 0.001 eV.

The study of the propyk halides resulted in a new value for the heat of formation of the
C;H;' ion. Because the dissociation limits for halogen atom loss lie in the Franck-Condon gap,
the yield of threshold electrons generated by pulsed field ionization was found to be extremely
low. Nevertheless, the heat of formation of 2-CsH;" determined from the three molecules agreed
to within 2 kJ/mol. The average and now recommended value for this heat of formation is
825.0+1.5 kJ/mol (0 K) and 807.5£1.5 kJ/mol (298 K). This can be combined with the known
heats of formation of C;Hs and H' to yield a proton affinity of C3Hs of 742.3+1.5 kJ/mol (298
K). This new value, which is 9.3 kJ/mol lower than the recommended value of Hunter and Lias,
is in much better agreement with two theoretical values (744 kJ/mol) as well as the determination
of Szulejko and McMahon (746.4 kJ/mol).

The new value for the proton affinity is especially important because accurate heats of
formation of ions such as C;H;" are used to establish this scale through the reaction:

CsH¢ +H = C;H,

The relative proton affinities of nearly 1000 molecules are known. By anchoring the scale with
accurate values for some molecules, the whole scale is placed on an absolute basis. The
PA(C;Hg) is one of the key calibrating ions and its shift by nearly 10 kJ/mol as a result of our
study has a major impact on this scale.

Future Plans

In July, 2000 I will move to Berkeley in order to assume the position of Director of Long
Range Planning and User Relations at the Chemical Dynamics Beam line of the Advanced Light
Source. Some of the PEPICO work described here will continue at the ALS, but in addition, we
plan to initiate a number of new experiments such as the photoionization of liquid He droplets
with various molecules and/or free radicals dissolved in them. Another thrust will involve flame
diagnostics using the continuous vacuum ultraviolet radiation from the ALS. Finally, a number of
sophisticated imaging experiments will be developed to investigate the structure of new species
" such as CHs', and to measure the ionization spectrum of vibrationally excited molecules.
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Program Scope

This experimental program is directed toward a more complete understanding of the
coupling between turbulence and chemistry in both nonpremixed and premixed reacting flows.
Simultaneous temporally and spatially resolved measurements of temperature and the
concentrations of N,, O,; H,, H,Q, CH,, CO,, CO, OH, and NO are obtained using the
combination of Rayleigh scattering, spontaneous Raman scattering, and laser-induced fluorescence
(LIF). The temperature and major species data are used to correct-fluorescence signals for the
effects of shot-to-shot variations in Boltzmann fraction and collisional quenching rate in turbulent
flames. These detailed measurements of instantaneous thermochemical states in turbulent flames
provide insights into the fundamental nature of turbulence-chemistry interactions. The emphasis of
our recent work has been on the development of an internet-accessible library of data sets on
turbulent nonpremixed flames that are appropriate for testing and understanding the capabilities of
state-of-the-art combustion models. Experiments often involve visiting scientists, primarily from
universities.

We are developing a new Turbulent Combustion Laboratory (TCL) that will include state-
of-the-art capabilities for single-shot, line-imaging measurements of multiple scalar, as well-as
capabilities for velocity measurements and combined velocity/scalar diagnostics. This new
laboratory will allow quantitative investigations of the spatial structure of turbulent flames that are
being used to evaluate and develop turbulent combustion models.

In addition to our experimental work, this program plays a leading role in organizing the
International Workshop on Measurement and Computation of Turbulent Nonpremixed Flames
(TNF), which facilitates collaboration among experimental and computational researchers working
on fundamental issues of turbulence-chemistry interactions in gaseous diffusion flames.
Collaborations and interactions with several combustion modeling groups are carried out in the
context of the TNF Workshop.

Progress on the TNF Model Validation Library

Wolfgang Meier (DLR Stuttgart) visited the Turbulent Diffusion Flame (TDF) lab for
several weeks during 1999 to perform collaborative experiments on his turbulent CH,/H,/N, jet
flames. These flames are useful targets for model validation because they include methane
chemistry in a simple jet geometry. However, the DLR data set lacked OH and NO measurements,
and their CO measurements by Raman scattering did not have sufficient accuracy to be useful for
detailed evaluation of model predictions (Fig. 1). Measurements of CO by two-photon LIF, as
implemented in the TDF lab, yield the level of precision needed for quantitative comparison of
measured and modeled results.

Measurements of the radiative loss from turbulent flames are critical for the validation of the
radiation submodels used in turbulent combustion codes. NO levels in flames are sensitive to
radiation, such that the accuracy of NO predictions cannot be evaluated unless it is known that
radiation has been treated with sufficient accuracy. We have measured total radiant fractions for
twelve of the TNF library flames. As part of this study we confirmed that the standard black-body
calibration method used for radiant heat flux probes is applicable for measurements of molecular




radiation from jet flames. We also determined that a simple emission-only model is inadequate for
treatment of the 4.3 micron band of CO, radiation from the flames in TNF library, even though the
- path lengths in these flames are relanvely short.
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Fig. 1. Comparison of measurements of CO mass fraction based on Raman scattering
(DLR setup) and two-photon LIF (Sandia setup). Single-shot results are plotted vs. the
mixture fraction for the same CH,/H,/N, flame conditions at x/d=S5.

Progress on Partially Premixed Laminar Flames

We obtained scalar measurements in several steady laminar partially premixed flames in order to
allow thorough comparisons of detailed chemical mechanisms. The main issues of interest are the
accurate predxctlon of the progress of partial oxidation of methane in fuel-rich conditions and the
accurate prediction of NO throughout the flame. Preliminary comparisons with calculations using
GRI Mech versions 2.11 and 3.0 show good agreement on major species, but deficiencies in the
predictions of NO. This work is being done to allow for separate evaluation of critical submodels
used in calculating turbulent flames.

Progress on a Shutter-Based Raman Line-Imaging System |

We demonstrated a high-speed mechanical shutter for single-shot line imaging of Raman
scattering from flames. This shutter was developed at the CRF in collaboration with Paul Miles of
the Research in Engines Department, and it will be used in the new Turbulent Combustion

Laboratory. It provides 9 pus (FWHM) gating, which is sufficient to reject luminosity from non-
sooting flames, and 100% transmission when open. Combined with an imaging spectrograph and
back-illuminated CCD array detector, the shutter eliminates the need for an image intensifier for
gating and delivers significant improvements in quantum efficiency, dynamic range, and signal-to--
noise ratio relative to intensified systems.

The shutter-based Raman line-imaging system was demonstrated in experiments on laminar
jet flames. Noise statistics for measurements of species mass fractions, mixture fraction, and
scalar dissipation were analyzed and scaled to account for the larger collection solid angle and laser
energy in the TCL. Based on this analysis, the TCL setup should yield a factor of three
improvement in SNR and a factor of two improvement in spatial resolution relative to Raman
scattering measurements in the TDF lab. Furthermore, we project that single-shot measurements
of scalar dissipation at the stoichiometric mixture fraction in methane-air flames can be achieved

with relative standard deviations of 10-15% at y,~10 s and 5-8% at y,~160 s™'. This level of
precision would be sufficient to differentiate among current models for the conditional scalar
dissipation.

10



Future Plans

The new Turbulent Combustion Laboratory, with its two matched flow stations and
complementary diagnostics for scalar and velocity measurements, will significantly enhance our
ability to pursue fundamental investigation$ of reacting flows. Work in the near future will focus
on three areas: i) bringing the TCL on line and fully implementing the line-imaging diagnostics, ii)
continuing our investigation of turbulent flames in connection with development and evaluation of
nonpremixed combustion models, and iii) continuing our investigation flow-flame interactions in
steady and unsteady laminar flames. As with the work described above, we will conduct our
experiments in close collaboration with computational researchers at Sandia and elsewhere.

Our first priority for scalar experiments on turbulent flames in the TCL will be to measure
scalar gradients in the series of piloted CH /air jet flames and to extract information related to the
conditional scalar dissipation. To accomplish this we will combine simultaneous line-imaging of
Raman scattermg, Raylelgh scattering, and CO LIF, and we will intersect that line with two laser
sheets for PLIF imaging of CH (Fig. 2). The CH images (non-quantitative) will be used to
determine the instantaneous orientation of the reaction zone relative to the measured line, allowing
us to calculate (with some limitations) the component of scalar dissipation in the flame-normal
direction. These data will help to resolved questions that have come out of model comparisons in
the TNF Workshops, and they should be very useful for validation of submodels for scalar
dissipation that are used in RANS and LES methods. We intend to investigate the joint statistics of
mixture fraction, scalar dissipation, species mass fractions, flame curvature, and flame orientation.
These statistics could be compared with results from LES and DNS calculations.

# 389 nm

C 230 nm
N T CHPLIF
Q Rayleigh
Q {Line)
CH PLIF

Fig. 2. Configuration for line-imaging and CH-PLIF in the TCL.

We have collaborated over the past two years with Johannes Janicka and Dirk Geyer (TU
Darmstadt, Germany), Nondas Mastorakos (ICEHT, Greece), and J.-Y. Chen (UC Berkeley) on
the development of an opposed-jet apparatus for fundamental studies of turbulent mixing and
combustion. A copy of this burner will come to Sandia in the fall of 2000 for installation and
initial experiments. The design includes optical access for laser beams along the axis of the two
jets, so that line-Raman/Rayleigh/LIF measurements can be made along the mean stagnation
streamline and normal to plane of the mean flame surface. We anticipate an extended collaborative
experimental and modeling program based on this burner, and we expect to add opposed-jet cases
to the TNF Workshop library. This geometry is of particular interest with regard to turbulent

mixing, as it is modeled by both RANS and LES methods. The burner also includes a set of
nozzles for laminar opposed jet flames.
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The goals of this research are 1) to measure, the yields of
all the important channels of the reactions of Of ’P) with
unsaturated hydrocarbons and radicals and 2) by measurement of
state distributions to understand the detailed mechanism. i.e.
the trajectories of the atoms during the reactive collision.

I. O + alkyl alkenes: Addition to double bohd vs. H atom
abstraction from side chain

O atoms react rather slowly with ethene but the rate is
considerably increased with successive alkyl radical replacement
of the H atoms. (See second column of Table I) In the presence of
side chains there are two different reactions, addition to one of
the carbon atoms of the double bond and H atom abstraction from a
side chain to form OH. Which reaction is more important? Is OH
formation responsible for the increased rate constant?

LIF experiments on O atoms and OH radicals were carried out
to answer this. question. A mixture of SO, and an alkene was
irradiated at 193 nm. O atom fluorescence was excited by a 130 nm
laser at different times after their generation and at a fixed
alkene pressure. Measurements of the decay rate were made at
several pressures to obtain the rate coefficient for the loss of
O atoms. Because these were nascent O atoms with an average
relative kinetic energy of 5:2 kcal/mol the rate coefficients
were an order of magnitude larger than the rate constants at room
temperature. (See second and third columns of Table I)
Cyclohexane was chosen as a comparison molecule. All OH yields
were less than the OH yield from cyclohexane as shown in the
fourth column of Table I. Unfortunately, the rate of decay of the
O atoms in the presence of cyclohexane was so small that it could
not be accurately measured. From an upper limit of the
cyclohexane-0O rate coefficient, we deduce that the side chain
attack rate is <10% of the double bond addition rate and is
probably only a few %.

Because the yield of OH from an alkyl alkene is less than
that from cyclohexane but its rate constant is much larger, it is
clear that side chain reaction is not important in an absolute
sense. Then why does the rate constant increase so strongly with
increasing alkylation? Cvetanovic explained this trend by
postulating that the electrophilic 0 atom is attracted to a more
negative site; substitution of alkyl radicals supplies electron
charge to the carbon atoms forming the double bond.' This effect
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might reduce the already small activation energies. However, an
alternate explanation concentrates on the loss of energy in the
C-0 coordinate. There is a deep well reflecting the attraction of
the O atom to the C atom. However, once the two atoms come close
together, energy must be rapidly transferred to other modes or
the 0 atom will simply bounce off. Table I shows that the order
of rate coefficients is l-hexene>1l-butene>propene and
cyclohexene>cyclopentene. The additional modes are proposed to
change nonreactive collisions into reactive collisions. A test of
this idea may be furnished by a non reactive crossed beam
scattering experiment. Propene, for example, is expected to
scatter O atoms at large -angles, indicative of an intermediate
complex formation whereas ethene may not show this effect. '

TABLE I. Rate constants, rate coefficients and relative OH yields

Molecule k(298) k (fast 0) OH/OH (c~C.H,,)
Units of 10" cm’/(molecule-s)

cyclohexane 0.009 [ ] 1.00
ethene 0.068 L 1] 0
propene ' 0.438 7.2+3.6 0.15
1-butene 0.415 18.1 0.24
l-pentene 0.505 0.23
l1-hexene 0.449 31.3 0.46
isobutene 1.78 25.3 0.34
Z—-2-butene 1.84 0.24
cyclopentene 1.95 36.6 0.49
cyclohexene 2.07 40.2 0.50
E-2~-butene 2.22 ‘ 0.31
trimethylethene 5.41 34.0 0.27
tetramethylethene 8.01 61.8 0.34

The average relative kinetic energy of the fast O atom is ~5%2
kcal/mol. [ ] means too small to be measured, i.e. <10. k(298)
data are from the NIST Chemical Kinetics Database.

II. O(’P) + CH; -—> CO + H, + H (1)

The main product channel of the reaction of O(’P) with CH,
is CH,0 + H. Seakins and Leone found the above reaction channel
by observing IR emission from both CH,0 and CO.’ Recently Preses

et al. measured the value 0.1810.04 for the relative yield of
this channel.® By strongly focusing a 193 nm laser on a mixture
of SO, and CH,Br we were able to generate high enough reactant
concentrations to be able to probe the CO state distribution with
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a VUV laser. The vibrational and rotational distributions were
fitted with temperatures of about 2000 K in each case. While hot,
this distribution is not nearly as hot as that found by IR
emission. There may be two reaction mechanisms, direct and
indirect. In a direct stripping reaction the O atom captures the
C atom from its ligands during the collision whereas the indirect
reaction proceeds by way of an intermediate methoxyl radical,

CH,0.

III. O(°P) + C,H, --> CH, + CHO or H + CH,CHO

The fractional allocation of this reaction to the two
channels is an important datum of combustion chemistry. We are
trying a new method based on comparing the yields of H and HCO
from C,H, with the yields of D and DCO from C,D,. The CHO and CDO
radicals were detected by their respective absorptions,
A(0,9,0)<--X(0,0,0) and A(0,11,0)<--X(0,0,0) using cavity ring
down spectroscopy. These absorptions were normalized to the
absorptions seen in a 1/1 mixture of CH,;CHO and CD,CDO irradiated
at 308 nm. The last stage of the experiment, still in progress,
is to measure the relative photochemical yields of these two

isotopomers.

IV. cO(v,J) + pyrazine(hot v's) =--> CO(Vv',J’) + pyrazine

In a joint project with George Flynn, energy transfer was
investigated in the collision of CO molecules with hot pyrazine
(1,4-diazobenzene). The hot pyrazine is made by absorption of a
248 nm photon followed by internal conversion. The CO was probed
using a pressure of 10 mTorr for each gas and a time delay of one

pus. The rather astonishing result is that the v=0 CO molecules
had a rotational temperature, T; of 2200 K whereas the v=1
molecules had a T of 450 K. The explanation is that exchange of
vibrational energy effected by the dipole-dipole interaction
occurs without a direct contact between the molecules. The v=0
molecules which have not received any vibrational energy have
suffered a violent collision with the vibrations of the hot
pyrazine molecule. Similar results were previously found in CO,-
pyrazine collisions and the implications for energy transfer are
believed to be general.®

An additional surprise was the finding of a strong quenching
of the fluorescence of CO by cold pyrazine molecules with a cross
section of ca 10000 A%’. An electronic energy transfer cross
section of this magnitude between molecules has not been seen
before in the gas phase. However, it is not unreasonable because
of a strong overlap of two intense allowed transitions in the
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Future plans

The probing of nascent CO molecules is presently carried out
using the A<--X transition in the VUV near 154 nm. The required
VUV light is made by combining two photons fixed at 249.63 nm
whose combined energy is resonant with a xenon atom transition
and a photon of variable wavelength near 646 nm. There is a
danger that the relatively strong 249.63 nm light, though
diverging in the reaction cell may dissociate HCO and other
radicals, thus exaggerating the CO yield. An alternate probing
method would use the B<--X transition. The necessary VUV is made
by combining two photons ‘at 312.85 nm in a Hg cell with one
photon near 435 nm. We plan to use this method in connection with
the photodissociation of acetaldehyde and with the O + alkene
reactions.

In the reaction of O atoms with alkenes, vinoxy, CH,CHO and
alkyl substituted vinoxy radicals are formed. These radicals can
not be probed by LIF until they have been vibrationally relaxed.
We plan to use cavity ring down absorption to identify the
radicals and, in a favorable case, to identify the hot mode(s)
which is(are) relaxing. Extensive use would be made of the
photodissociation of alkenylmethyl ethers at 193 nm which produce

vinoxy type radicals.
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Program Scope

The goal of my DOE-supported research is the development of (mainly) quantum
mechanical methods, and the associated software, that can be used to perform reliable
calculations of bimolecular and unimolecular reactions of importance in combustion. Such
calculations necessarily benefit from accurate potential energy surfaces, and the
development and improvement of these surfaces is a secondary, but very important
additional goal of this research project. Our particular choice of reaction system is often
dictated by experiment, and especially those experiments that present 1mportant challenges
to theory.

Recently we have focused on unimolecular and bimolecular chemical reactions that
proceed without a barrier. Such reactions are characteristic of many combustion reactions.
We have focused specifically on the HOCI system, in part because of very detailed
experiments by the Rizzo and Sinha groups in which the detalled quantum state dependence
of the unimolecular rate to form OH+Cl was determined."” In these experiments the
dissociation rates from the fifth OH-overtone as well as a nearby combination state were
measured as a function of the HOCI total angular momentum and projection quantum
numbers, J and K,. The molecule is bound if J = 0 and dissociates only if it is rotating
with sufficient energy to dissociate. Thus, the dissociation takes place just above the
energetic threshold and, perhaps not surprisingly, it displays very non-statistical behavior
with J and K.

The theoretical/computational study of this dissociation is extremely challenging in
nearly every aspect. First, the potential energy surface has to have the correct energetics
so that the molecule is indeed bound in the vibrational quantum states mentioned above,

- and yet dissociates with the lowest values of J and K, determined by experiment.

Second, the dissociation rates (which are very slow compared to RRKM estimates) need

to be calculated by a reliable method for values of J corresponding to experiment, e.g., J
between 20 and 40 and for K, between 0 and 4. For reasons that are well known to
theorists, these are “large” values of these quantumn numbers. The one important
simplification is that HOCI has been shown in the experiments to be a nearly symmetric
top (which is not surprising), and so various K decoupling approximations may be
accurate enough to be useful. -

The unimolecular dissociation of HOC] is descrlbed by a “corner” of the full
potential energy surface that describes the reaction O('D)+HCl — CIO+H, OH+Cl. This
reaction proceeds with no potential barrier and “visits” the HOCI well, as well as the HCIO
isomer. Thus, this reaction is an example of the class of bimolecular reactions mentioned
above. It has been studied experimentally 3 and theoretically. 6.7

’I'hus taken together the unimolecular dissociation of HOCI and the bimolecular
reaction O(' D)+HCI present a nearly umque opportunity for theory to address two key
types of chemical reactions of importance in combustion.
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Recent Progress

Work ona highly accurate ab initio-based global potential energy surface of HOCI,
including the O('D)+HClI reaction has proceeded well, in collaboration with Kirk Peterson
(PNL and Washington State University). We have used this surface in quantum
calculations of the dissociation rate of HOCI(6v,y, J, K,). The quantum method we used
determines the complex eigenvalues of a complex Hamiltonian for non-zero J. For these
calculations we used the Adiabatic Rotation approxlmatlon 89 as well as the widely used
Centrifugal Sudden approximation. 1911 1 addition, in collaboration with Reinhard
Schinke (MPI, Gottingen), exact calculations are being done to test these two
approximations. The first set of results indicates that the Adiabatic rotation approximation
is more accurate than the Centrifugal Sudden ones.

The quantum calculations did find sxgmﬁcant variation of the dissociation lifetime
with J and KM in excellent qualitative and semi- quantltatlve agreement with experiment.
In addition, we have developed a simple model that mimics these variations based on
rotationally induced “Fermi” resonance mixing of the bright state, 6vqy, with a background
of dissociating states that necessarily are highly excited in the ClO-stretch. For K, =0 the
“Fermi resonance” condition is determined from equating the rovibrational energies of 6vqy
state and highly excited ClO states, i.e.,

Evens * Buciod0 + 1D = EgRdy + Beyoy I +1),
and noting that EVCIO < B6V0H . Thus the energy of 6vy, “intersects” the energy of C10
states that are above 6V for J = 0 for J > 0, determined by the difference between B, -,
and Bgy,, - If there are no intersections for a given J the rate is predicted to be relatively
slow compared to the case where there are intersections. This model is clearly simplistic
but does capture the flavor of the marked dependence on J (and K,) of the unimolecular rate

found in the rigorous calculations and in experiment.

We have also begun a collaboratlon with Stephen Gray (ANL) to apply his
wavepacket code to study the reaction O('D)+HCI — CIO+H, OH+Cl on the global
potential. In preliminary work we compared the quantum results for HCl(v=j=0) with
those of a standard quasiclassical trajectory calcultion for J = 0.” The results were very
encouraging for the QCT method which was found to predict the total reactivity as well as
the C10:OH branching ratio in good average agreement with the qu uantum calculations.

We have also collaborated with Gray on a study of the OCP)+HCI — OH + Cl
reaction using the recent “S4” ab initio potential of Ramachandran, er al.'* The results of
this study are very interesting and need further analysis. They indicate very strong effects
of van der Waals minima in the potential on the dynamics.

Future Plans

Our immediate plans call for more extensive quantum calculations of the
O('D)+HC] reaction, in which both the J and K, quantum numbers will be varied and in
which excited rotational states of HCI (of relevance to the rate constant) will be considered.
These will be very computationally demanding calculations; however, the comparisons
with corresponding QCT calculations, statistical theories, and J or l-shifting theories will
be very important. We also plan to collaborate with Gray on the spin-orbit coupling
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between the triplet and singlet reactions. This will also require further collaboration with
Kirk Peterson on the ab initio spin-orbit interaction.
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Program Scope

The program focuses on shock tube studies of the oxidation and supplemental
pyrolysis of benzene, toluene, cyclopentadiene, methylcyclopentadiene,
dimethylcyclopentadiene, anisole, phenol and cresols. These species were chosen because
of their role or the role of their radical derivatives in the mechanisms and models of
benzene and toluene. The experimental data obtained from the studies of these species
will be coupled with modeling of the pressure, temperature and time dependence of
species concentrations. Along with the RRKM evaluation of pressure dependent rate
constants, the data and modeling will help sort out and lead to further development of a
comprehensive model of the oxidation and pyrolysis of aromatics.

The experimental data are acquired from a recently constructed, unique, very
high-pressure single pulse shock tube. This device permits the sampling and quantitative
analysis of stable species produced during the oxidation and pyrolysis experiments at
pressures as high as 1000 atmospheres and temperatures as high as 2000K for nominal -
reaction times varying from 500 to 1500 microseconds. These conditions permit
oxidation and pyrolysis reactions to be performed under very dilute conditions (low mole
fractions), but with high concentrations (moles/liter). Thus secondary reactions can be
controlled, temperature increases minimized, and species concentrations maintained at
high enough levels for detection with advanced gas chromatography/mass spectrometry
instrumentation.

Recent Progress

By operating isothermally the high-pressure shock tube facility avoids the problems that
have plagued the previous use of single pulse shock tubes for the study of oxidation
reactions. However, in order to accurately examine oxidation reactions, knowledge of
reaction temperature is needed. The reaction temperature is obtained through calibration
of shock conditions using well characterized chemical “thermometers” which minimize
the need to use high pressure equations of state to deduce shock temperatures.
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Much of this past year’s work has been devoted to a careful determination with
the chemical thermometer, CF;CHj3 of shock temperatures as a function of incident shock
velocities.. The high pressure rate constant for the unimolecular decomposition of this
molecule has been established by Tsang and Lifshitz (IJCK 30, 621, 1998) for two AEoun
values. These k.. expressions have been used in the conventional expression
conc/conci=e™ to back out the shock temperature from measured values of initial and
final trifluoroethane concentrations, and reaction time. A plot of the results over a wide
pressure range is shown in Figure 1 below :

1450
L
1400 - RS S
‘0 a *
* é (23 ) o
1350 - . :' . .
$ .0 8
E . . o“A .
g' 1300 - o ofe§ .
[ 2 .
| o .« B>
A
1250 “ 4
4
“AA? se
1200 o« ko
a
1150 x . . : — x .
700 720 740 760 780 800 820 840 860
Velocity/ ms™

Fig. 1 Temperature determined from the unimolecular decompostition of CF;CHj at
3000psi (dark diamonds) and 11,000psi (open triangles) as a function of incident shock
velocity. '

The temperature results in Fig. 1 indicate that the chemical thermometer provides
consistent high temperature values at high pressures over this range of approximately
200-750 atmospheres. At temperatures above 1350K, the degree of conversion of
CF;CH; is so large that small variations in concentrations appear to lead to an artificial
asymptotic approach to a maximum temperature. '

In addition, to developing the correlation for temperature with respect to incident shock

velocity shown above, considerable effort was expended on obtaining well defined shock
profiles. A typical, optimized profile is shown in Fig. 2 below.
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Fig. 2 Pressure trace from endwall pressure transducer. Maximum pressure = 12500 psi,
852 atm. Reaction time: approx. 1.1 ms.

This type of tailored profile was obtained by optimization of the driver section with an.
insert plug for a different given driven section length. In the past year, optimization tests
of this type along with the temperature calibration tests described above have led to more
than1200 individual shocks being performed. . :

Other shock tube related activities performed this year have been
a) refitted driver gas storage vessels for extremely high pressures
b) modified diaphragm section to improve shock tube performance at 1000 atmospheres
c) improved diaphragm scoring technique through the acquisition of a computerized
numerical control milling machine attachment and development of a rigorous and reliable
production method
d) improved chemical sampling and gas chromatography / mass spectrometry analysis for
the quantification of low concentration samples.
e) installed and began modeling with CHEMKIN.

Future Work

In the very near future, shocks at 1000 atmospheres will be conducted.
Preliminary attempts at this extremely high pressure have revealed a variety of system
deficiencies that have now been remedied.

Chemical tests of the oxidation of toluene and benzene are also planned in the
very near future. Since the shock tube has been calibrated for temperature and optimized
for shiock profile, high quality oxidation data is imminent. Attendant to these oxidation
tests will be complementary pyrolysis studies of toluene, methane and benzene. These
pyrolysis experiments will serve to both offer a reference database for the oxidation
experiments and also provide opportunities to examine individual reactions.
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Publications/Presentations

“ A Single Pulse Shock Tube for Examination of Combustion Reactions At High
Pressures”, Work In Progress Poster #W1A25, Twenty-Seventh International Symposium
on Combustion, August, 1998 (with R.S. Tranter, D. Fulle, E. Ikeda, P. Sarkar and J.H.

Kiefer).
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PROJECT SCOPE ‘

Combustion processes are governed by chemical kinetics, energy transfer, transport, fluid
mechanics, and their complex interactions. Understanding the fundamental chemical processes
offers the possibility of optimizing combustion processes. The objective of our research is to
address fundamental issues of chemical reactivity and molecular transport in combustion
systems. Our long-term research objective is to contribute to the development of reliable
combustion models that can be used to understand and characterize the formation and destruction
of combustion-generated pollutants. We emphasize studying chemistry at both the microscopic
and macroscopic levels. To contribute to the achievement of this goal, our current activities are
concerned with five tasks: Task 1) developing models for representing combustion chemistry at
varying levels of complexity to use with models for laminar and turbulent flow fields to describe
combustion processes; Task 2) developing tools to facilitate building and validating chemical
mechanisms; Task 3) modeling combustion in multi-dimensional flow fields, and Task 4)
determining new reaction pathways for pollutant formation. A theme of our research is to bring
new advances in computing, and, in particular, parallel computing to the study of important, and
computationally intensive combustion problems. Researchers who collaborate in this effort are
John B. Bell, Marcus S. Day, Michael Frenklach, Joseph F. Grear, Nigel W. Moriarty,
Richard M. Propp, Shaheen R. Tonse, and Laurent Vuilleumier.

RECENT PROGRESS

Task 1: Developing models for representing combustion chemistry at varying levels of
complexity to use with models for laminar and turbulent flow fields to describe combustion
processes. Most practical combustion systems are turbulent, and the dominant computational
cost in modeling turbulent combustion phenomena numerically with high fidelity chemical
mechanisms is the time required to solve the ordinary differential equations associated with the
chemical kinetics. To develop models that describe pollutant formation in practical fuels, the
computational burden attributable to chemistry must be reduced. We have pursued an approach
that can contribute to this problem, PRISM (Piecewise Reusable Implementation of Solution
Mapping). PRISM has been developed as an economical strategy for implementing complex
kinetics into high fidelity fluids codes. This approach to mechanism reduction draws upon
factorial design, statistics and numerics, caching strategies, data structures, and long term re-use.
A solution-mapping procedure is applied to parameterize the solution of the initial-value
ordinary differential equation system as a set of algebraic polynomial equations. The resulting
accuracy is very good, and a factor of 15 to 20 increase in computational efficiency is achieved.
PRISM was ported and interfaced with the adaptive grid CFD code developed by LBNL
investigators in computer sciences, and used as a tool to investigate the dimensional properties of
the active portion of chemical composition space. PRISM’s division of chemical composition
space into hypercubes makes it an ideal tool for examining chemical composition space with
varying degrees of resolution, from which the dimensionality was determined. We investigated
the dimensionality for the two dimensional case of a premixed hydrogen flame propagating
through an unburned turbulent mixture. The fractional dimensionality was determined as a
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function of turbulent intensity, and found to be lower than the theoretical asymptote of 3 in all
the cases. The significance of this research is that there are low dimensional manifolds that we
hope to identify to reduce the computational complexity of PRISM. A follow-up study of this is
in progress. We are currently examining the dimensionality of the manifold at instants in time.
We will also measure the dimensionality for small time increments that correspond to a few of
the disparate primary time-scales associated with the Hy+Air reaction mechanism to see if higher
dimensions appear at short time-scales and then disappear.

We are exploring a number of ways to improve the efficiency of PRISM without sacrificing
accuracy. For example, a hypercube will have high degree of reuse either through being in a
portion of chemical composition space visited by the chemical trajectories of many CFD cells, or
by being in a part where trajectories move relatively slowly, thus taking many steps through the
hypercube. We utilized the rates.at which trajectories are moving to calculate a.trajectory
“velocity”" Vr, and combine this with an estimated trajectory length to determine expected reuse.
This allows us to identify hypercubes that would not have sufficient reuse to warrant a
parametrization calculation. The cases studied were a point reaction case with zero spatial
dimensions and 3 other simulations: a 1D laminar premixed H,+Air flame, a 2D premixed
H,+Air turbulent jet and a 2D non-premixed H, and Air turbulent jet. We find V1, to be a useful
indicator of reuse for the zero-dimensional case, to be somewhat less useful for laminar and
turbulent pre-mixed flames, and not very effective for the turbulent non-premixed jet case.

The H,+Air cases studied with PRISM have 11 dimensions associated with them [9 species +
Temperature+ At]. For accurate quadratic polynomial coefficients a fractional factorial design of
type 2v''™*, taken from the literature, was found to work. For CHs+ Air combustion a factorial
design of higher dimensionality is necessary. The literature contains orthogonal fractional
designs only up to 13 dimensions. We have recently developed a design 2v**" to enable us to
employ PRISM on a reduced version of the GRI-Mech 1.2 mechanism with an associated 22
dimensions [20 species +Temperature + At]. This design has been used in preliminary PRISM
calculations and gives accurate results.

Task 2: Modeling tools for building chemical mechanisms. Proper descriptions of transport
properties are essential for combustion modeling. Recent research suggests that the treatment of
transport in the CHEMKIN codes is outdated. To investigate the consequences of this for
mechanism construction, we have performed sensitivity analysis of the observables: species
concentrations, mass flow rate, and temperature to molecular diffusion coefficients and the
potential parameters used in their evaluation for premixed laminar flames. Diffusion coefficients
are very consequential, and their normalized sensitivities are commensurate with those
associated with the most influential chemical reactions. Those that most influence species
profiles are the binary diffusion coefficients of various species with molecular nitrogen.
Sensitivities of observables were found to be an order-of-magnitude greater for collision
diameters associated with a Lennard-Jones potential than for the corresponding well depths.
These results show that we will not get the chemistry right in building chemical mechanism
without an improved treatment of transport. Transport also must be dealt with at the molecular
level. We are currently directing effort toward achieving an improved transport description.

Task 3: Modeling of multi-dimensional reactive flows We are collaborating with
investigators in the Computer Directorate, who are funded by the Mathematics, Information, and
Computational Sciences Office within the DOE Office of Science. These researchers have
developed a massively parallel, high fidelity code for treating non-steady, low Mach number,
reactive flows with complex chemistry that is based upon adaptive mesh refinement (AMR).

The code has sufficient resolution to treat laminar, transition, and turbulent reacting flows in one,
two, and three spatial dimensions. Our role in this collaboration is to contribute the chemistry
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and molecular transport data for specific problems, incorporate special chemistry modules in the
code (e.g., PRISM), and to contribute to the analysis and interpretation of results. We have _
completed a study of flame/vortex interactions (under LDRD) and reproduced behavior observed
experimentally. Our current efforts in this area involve computing properties of CH, flames
using PRISM and AMR .,

Task 4: Determining New Reaction Pathways for Pollutant Formation. Combustion
technology is being driven by regulations that require substantial reductions in soot. If models

" are to be used in the design process, better soot models are critical. Our interest has been in
model benchmarking, examining soot precursor chemistry, and determining reaction pathways
for aromatic ring growth. We have recently completed a study of the hydrogen migration in
the phenylethen-2-yl radical. Our study identified a new class of reaction pathways for
aromatic ring growth in combustion environments. The distinctive feature of these reaction
pathways is the transfer of hydrogen atom between carbon atoms of the aromatic ring and those
of the side chains. Initial calculations were performed at a semi-empirical level of quantum
theory, chosen to screen a large number of mechanistic possibilities and to accommodate the
large molecular size that is required for realistic modeling of PAH precursors and soot surfaces.
In the past year, we turned to ab initio quantum mechanical theory to assess more accurately the
feasibility of the hydrogen migration. The reaction chosen for the present study is the hydrogen
migration in phenylethen-2-yl to give 2-styrene. This choice was motivated by two
considerations: firstly, this reaction may play a role on its own, as both the reactant and the
product are known intermediates of aromatic growth in hydrocarbon flames. Secondly, the
reaction is the smallest analog of hydrogen transfer on large PAHs and soot particle surfaces and
thus allows one to remain within the constraints of the available computational power. A
Calculations on the two radical minima and the transition state were performed at several levels
of theory and basis sets. Rate coefficients and equilibrium constants are obtained using the
calculated data and RRKM theory. Theoretical methods compared include PM3, MP2, B3-LYP,
CASPT2 and G2MP2. The applicability of these methods was determined. Comparisons with
two others, G2M and CBS-RAD, proposed to improve treatment of radicals, was also conducted.
The results obtained at the most reliable level of theory produce reaction rates sufficiently fast
for these reactions to play a role in high-temperature aromatic chemistry.
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Dynamics of Radical Combustion Intermediates:
Product Branching and Photolytic Generation

Laurie J. Butler
The University of Chicago, The James Franck Institute
5640 South Ellis Avenue, Chicago, IL 60637
LIJB4@midway.uchicago.edu

I. Program Scope

Our work in the present grant period focuses on 1) investigating competing product
channels in photodissociation processes used to generate radical intermediates important in
combustion and 2) generalizing a new method for determining absolute branching ratios for
competing radical product channels in both unimolecular and ground state bimolecular reactions
in mass spectrometric experiments. We use a combination of experimental techniques including
analysis of product velocity and angular distributions in a crossed laser-molecular beam apparatus
and emission spectroscopy of dissociating molecules. Much of the work also serves to test and
develop our fundamental understanding of chemical reaction dynamics. We focus on testing the
range of applicability of two fundamental assumptions used in calculating reaction cross sections
and the branching between energetically-allowed product channels: the assumption of complete
intramolecular vibrational energy redistribution often used in transition state theories and the
assumption of electronic adiabaticity used in defining the reaction coordinate in transition state
theories and the multidimensional potential energy surface in quantum scattering calculations.

II. Recent Progress

Our work in the last year included 1) a collaborative project, with Arthur Suits and
Branko Ruscic at the Advanced Light Source, characterizing the nitrogen-containing products
from trimethylamine photodissociation at 193 nm,’ 2) a combined experimental and theoretical
study, with H. Guo, measuring the emission spectroscopy of SO, to test the excited state surfaces
and calculated ground state vibrational eigenenergies,” and 3) a crossed laser-molecular beam
photofragment scattering experiment on methylvinylether, motivated by the need to calibrate
product branching in the thermal O+ ethylene reaction. The results are described in detail below.

A. haracterization
of Trimethvlamine at 193 nm using Photoionization Detection

Our prior work on trimethylamine photodissociation® served two goals. First, it provided a
key calibration of the mass spectrometric sensitivity to the CH, and N(CH,), radicals important in
combustion and the secondary CH,=NCH, molecular product. We used the relative sensitivities
calibrated in this work to calculate the product branching in N,N-dimethylformamide, whose two
primary competing product channels form methyl radical in one channel and N(CH,), radical in
the second. Such an absolute branching ratio would have normally relied on semiempirical
estimates of the total ionization cross section (not reliable for polyatomic radicals) and error-prone
measurement of the daughter ion cracking probabilities, but using the 1:1 production of these
radicals in the separate photofragmentation calibration experiment circumvents such errors. The
trimethylamine system also allowed us to test how vibrational motion influences whether a
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conical intersection along the reaction coordinate is traversed adiabatically (in this case yielding
excited state NR,) or nonadiabatically (to form ground state product).

Our follow-up collaborative experiments at the ALS this year® used tunable VUV
photoionization to characterize the nitrogen containing products, resolved by their neutral time-of-
arrival spectra as in the previous work. We identified both primary and secondary neutral product
channels (some of the neutral N(CH3)3 products were formed with enough internal energy to
undergo secondary dissociation):

N(CH3)3 + 193 nm — N(CH3)2 + CH3
- CH3N—CH2 +H+ CH3
e NC2H4 + HZ + CH3

We also identified the photoionization fragmentation of the ionized forms of the N(CH3),
and CH3N—CH2 products, both of whose parent ions are unstable to fragmentation even upon low
energy photoionization. The work combined tunable photommzanon detection of the velocity
resolved neutral photofragments with supporting G3 theoretical calculations of ion stabilities.
N(CHj3), primary products with very little internal energy show an experimentally observed
ionization onset of 9.120.2 eV, but do not appear at the parent ion (m/e=44). Instead, the parent
ion is unstable and easily fragments to m/e=42, where signal is observed. N(CHj3), radicals with
higher internal energies undergo H-atom loss from the neutral to give CH,NCHj, which has an
observed ionization onset at parent (m/e=43) of <9.3 eV. At slightly higher ionization energies,

these secondary products also appear at m/e=42 (where their appearance energy is roughly 9.8-9.9
eV, uncorrected for internal energy). Finally, N(CH;), radicals with the highest internal energy in

this study appear to undergo H, loss as neutrals, giving rise to a species whose parent ion has
m/e=42. The ionization onset of this species at m/e=42 is found to be in the range of 9.5-9.6 eV.

B. A Combined Experimental and Theoretical Study of Resonance Emission Spectra of SO,

Our prior work? investigated the predissociative C(I1B,) state of SO, by cooling the SO,
in a pulsed molecular beam and dispersing the emission upon resonant excitation into several
different vibronic absorption features in the C state between 197 and 212 nm. Unlike at lower
excitation energies, the dispersed emission spectra at higher excitation energies are dominated by
progressions with odd quanta in the antisymmetric stretch mode v3 and combination bands with
up to six quanta in the bending mode v;. The formidable intensity for emission into vibrational
states with odd quanta in the antisymmetric stretch of the jet-cooled molecule suggests that the
intermediate state at high energies in the excited state 1s of mixed electronic character at
nonsymmetric geometries, so the operative components of the transition moment for excitation
and emission may be different. Our results suggested that at excitation energies near 200 nm the
dissociation accesses an avoided crossing seam between the é(le) state and a dissociative
singlet state, the 31A state. (Recent high-level ab initio calculations of the surfaces at these high
energies have since been reported, see below, and support our conclusion that such a
predissociation mechanism opens up at these energies.) The system demonstrates how such an
avoided crossing seam alters commonly-accepted selection rules for optical transitions.

In order to support the best theoretical groups doing exact quantum calculations on this
system, in the past year we took emission spectra at five excitation energies much lower in the C
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state, 219.81, 221.16, 222.92, 224.77, and 227.73 nm.> Our theoretical collaborator requested this
data to test the semiempirical 3-D excited state surface he had developed for the C state of SO,
from fitting the vibrational features of the excited state observed in laser-induced fluorescence
spectra. (He also had calculated the ground electronic state vibrational eigenstates to very high
energies, 15,000 cm™, and our emission spectra evidenced emission to several eigenstates not
observed before but predicted at energies exact to within our experimental resolution. Thus, the
work showed the empirical ground state potential of Kauppi and Halonen gives excellent
predictive ability for the energies of eigenstates not previously observed.) While the calculated
emission spectra at the two lowest excitation energies to the C state agreed reasonably well with
“our experimental spectra, the agreement broke down at higher excitation energies. Clearly the
emission spectra provide a critical test of excited state potentials. Preliminary calculations (H.
Guo, private comm.) on the new ab initio potential for SO, just published by Bludsky et al. give
much better agreement. At higher energies in the C state, Bludsky et al. [Chem. Phys. Lett. 318,
607-13 (2000)] comment that their new potential strongly supports the conclusion in our earlier
work? that a new predissociation mechanism opens up for SO, near 200 nm excitation,
predissociation via an avoided crossing with a repulsive 'A, state.

C. The Photofragmentation Pathways of Methylvinylether; Electronic Accessibility and

Calibrating Branching Ratios between the Dominant Product Channels of O + Ethvlene

These experiments allow us to determine absolute branching ratios between energetically-
allowed product channels in thermal bimolecular reactions, in this case O + ethylene, without
relying on unreliable semiempirical estimates for the neutral products’ ionization cross-sections.
The experiments use a photodissociation channel of methylvinylether, CH,CH-O-CHj;
— CH,CHO + CHj, to directly calibrate the absolute branching between the two dominant
pathways (Rxn.s 1 and 2 below) in the thermal O(3P) + C,H4 reaction:

O(3P) + CyHy - CH; + HCO (D
- H+CH,CHO )
- CH, +CH,0 3)

Experimental determinations of the product branching vary widely, ranging from Rxn. 1
contributing 71 (-9/+6) % of the products (assuming the yield of the third channel is small) to it
contributing 44 (+15%) of the products. The reported experimental yield of 71 (-9/+6) % for Rxn.
1 comes from a crossed molecular beams scattering experiment in Y. T. Lee's group (Schmoltner
etal., ]. Chem. Phys. 91, 6926 (1989)) at a 6 kcal/mol collision energy, so has the chance of being
a benchmark for theoretical work on this system. However their branching ratio between Rxn.s 1
and 2 relied on estimating the ratio of the ionization cross sections of the vinoxy radicals and
HCO radicals with an empirical method not tested for polyatomic radicals and on estimating by
comparison with "related compounds” the cracking to missing masses in their daughter ion
fragmentation pattern of the vinoxy radical. The experiments we have carried out this year
circumvent the need to estimate ionization cross sections and daughter ion cracking patterns by
instead using the 1:1 production of the methyl and vinoxy radical fragments from the
photodissociation of methylvinyl ether to calibrate the mass spectrometric sensitivity to these
products at the required daughter ions. (The method may be extended to calibrate the detection of
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radical species in other classes of experiments, such as the measurement of concentration profiles
of radical intermediates in flames using photoionization mass spectrometry or the calibration of
low-energy electron impact ionization cross sections.) '

Our photofragment scattering experiments on methylvinylether this year detected the
vinoxy radical product at mass 42, 15 and 14 and the momentum-matched methyl radical signal at
masses 15 and 14. The relative signal levels of the two radical products at any combination of
daughter ion masses, corrected for the appropriate Jacobian factors and 3-D scattering, calibrate
the mass spectrometric sensitivity at the CH;" daughter ion for methyl radicals versus vinoxy
radicals. This provides the only necessary calibration to determine an absolute branching ratio
between a product channel forming methyl radical and a product channel forming vinoxy radicals,
obviating the need to resort to empirical estimates of ionization cross sections and difficult
measurements of daughter ion cracking probabilities. We are presently investigating possible
secondary dissociation to ketene. We plan shortly to measure the relative signal levels at each
parent ion upon low energy ¢ impact ionization to provide a benchmark for groups who must use
lower electron energies to avoid fragmentation in experiments where the products are not velocity
resolved and who need our result to assess the accuracy of calculated ionization cross sections.

HI. Future Plans

We plan first the completion and analysis of the methylvinylether experiments, including
the low energy e’ impact ionization calibration and the determination of the O + ethylene
product branching from the previously measured mass 15 spectra. Then, we plan to pursue
photofragmentation experiments on vinyl and allyl iodide and its isomers. The latter is
motivated by work in other groups which use allyl iodide and its isomers as a photolytic
source of C,H; radical isomers to study radical isomerization at resolved internal energies.
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1. Cyclopropyl Radical and Allyl Radical

1.1 Gas-Phase Photolysis of Cyclopropyl lodide '

We have prepared cyclopropyl iodide as a potential photochemical precursor to
cyclopropyl radical. Almost all alkyl iodides are very good sources of the corresponding
alkyl radical. However, cyclopropyl iodide appears to be an exception. Thus, when we
supplied this compound to Carl Hayden of the Combustion Research Facility at Sandia
National Laboratory, he was unable to detect any cyclopropyl radical in his time-resolved
photoion-photoelectron coincidence imaging apparatus. We have consequently
undertaken an investigation of the photochemistry of cyclopropyl iodide to see what does
occur.

In collaboration with Paul Houston of this Department, we have subjected
cyclopropyl iodide to 266nm photolysis from a quadrupled Nd:YAG laser and have
imaged the ions generated from the ZP]/Z and 2P3/2 iodine atoms by 2+1 REMPI.
Calculation of the total translational kinetic energy in the photodissociation fragments
indicates that at least some of the products are formed with more than the maximum 1.86
eV kinetic energy possible for simple C-I bond fission. This upper bound in kinetic
energy is predicated on a C-I bond dissocation enthalpy (BDE) of 64.5 kcal/mol — a
value that is not known experimentally but can be deduced from a number of independent
additivity. schemes. It does not seem likely that the error in the estimated C-I BDE could
be enough to account for the substantial excess kinetic energy exhibited by some of the

fragments. See Figure 1 below.
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A plausi‘ble explanation for the result is that there is a direct photolysis channel from

cyclopropyl iodide to allyl radical plus I'.

This channel would have to be direct because

the more obvious mechanism — generation of vibrationally hot cyclopropyl! radical which
then ring opens in a second step — could not provide excess translational kinetic energy
to the photofragments.
That allyl radical was indeed formed in this photolysis was supported by electron

imaging experiments.

First, we prepared a genuine sample of allyl radical by 266 nm

photolysis of allyl iodide. A 266 nm 1+1 REMPI of the allyl radical produced electrons
with kinetic energy centered on 1.2 eV, in very good accord with the expectation of 1.19
eV for vertical ionization, given the known vertical 1P of 8.13 eV for allyl.'
Significantly, the photodissociation products from cyclopropyl idodide also revealed a
peak centered on 1.2 eV for the electron kinetic energy, suggestmg the presence of allyl
radicals.
To our knowledge there are very few photochemical reactions that break a C-C o
bond in the primary step, and so we are investigating the matter further, using both
theoretical and solution-phase experimental techniques.

The theoretical approach is to map out the So and S; electronic potential energy
surfaces of the CsHsI manifold and to search for conical intersections where a
dissociative process of the kind proposed may occur. We are using large-basis set
CASPT2//CASSCF methods, which are quite computationally intensive and time
consuming, and so those calculations are still in progress. The solution-phase studies are
further advanced, and the results so far are described in the next section.

1.2 Solution-Phase Photolysis of Cyclopropyl Iedide

If photolysis of cyclopropyl iodide does directly generate ally radicals, this should be
kinetically discernable by bimolecular trapping in solution. Consequently we have
carried out the photolysis of cyclopropyl iodide with a medium-pressure mercury lamp in
benzene solution in the presence of TEMPO. The products have been fully characterized
and shown to be those expected from trapping of both cyclopropyl radical and allyl
radical (Figure 2):
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Of considerable significance for the
mechanistic question at hand is that the
ratio of the two products shows very
little dependence on the concentration of
TEMPO. This would not be expected if
the ring-opened product were derived
from a vibrationally hot cyclopropyl
radical (Figure 3), since then there
should be a first-order dependence of the

product ratio on TEMPO concentration:
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However, the result is consistent with direct formation of allyl radical in the photolysis,
since then the product ratio is determined solely by the ratio of the cyclopropyl! to allyl
radicals formed in the first step.

Whether the successful trapping of cyclopropyl radicals in solution means that they
are also formed, but as yet undetected, in the gas phase, or whether it means that the
photochemistry is affected by the medium remains to be determined.

2. Formyloxymethyl Radical

In computational work on the important vinyl radical + O, reaction, we have proposed’
that the formation of formyl and formaldehyde occurs via the 4pathway shown in Figure 4.
This mechanism can be contrasted with the previous proposal” (Figure 5):
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Subsequent calculations at a higher level than ours have supported the mechanism in
Figure 4° Of special significance in this mechanism is the role played by the
formyloxymethyl radical. The various calculations find a barrier of 25 — 33 kcal/mol for
its fragmentation to formyl plus formaldehyde. No other lower-energy unimolecular
reaction has been found. This implies that formyloxymethyl could have a lifetime long
enough to be interceptible by O; in a bimolecular process. Such a reaction would have
importance for the kinetic modeling of hydrocarbon combustion. Consequently, we have
undertaken a project to generate formyloxymethyl and to determine experimentally the
activation barrier for its fragmentation.

During the last year we have successfully prepared a precursor to formyloxymethyl,
and have shown that it does fragment to formyl and (presumably) formaldehyde, but that
it is also interceptible in a bimolecular reaction. The synthesis of the precursor is shown
in Figure 6 and its use in the generation and trapping of formyloxymethyl is shown in
Figure 7.
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Compound C is the TEMPO trapping product of formyloxymethy! and compound D is
the TEMPO trapping product of formyl. By studying the temperature dependence of the
C:D ratio, we should be able to deduce the solution- phase activation energy for
fragmenation of formyloxymethyl. A wealth of literature® suggests that activation
parameters for radical reactions are little affected by the medium, so that this solution-
phase value should also be applicable to the gas phase, and should be directly comparable
to the calculated values.
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Crossed-Molecular-Beam Ion Imaging Experiments

David W. Chandler
Combustion Research Facility, MS 9055, Sandia National Laboratory,
chandler@ca.sandia.gov

Scope of Program

My research has focused on developing and using two-dimensional imaging techniques

to study chemical dynamics. These techniques allow one to measure the velocity of

state-selectively photoionized products of unimolecular and bimolecular interactions.

This information is quite useful in understanding the details of chemical processes. In the

last two years we have made significant improvements in these techniques with.the.
further development of the velocity mapping technique and the utilization of a crossed

molecular beam apparatus for the study of bimolecular collisions. * A major effort has

been to develop methods for extracting quantitative differential cross sections and

alignment parameters from crossed-molecular-beam ion imaging experiments.

Recent Progress
Rotational state-resolved differential cross sections (DCS) for the j-changing collisions of

HCI by Ar have been measured. A crossed-molecular beam velocity-mapped imaging
apparatus is used to measure images of scattered HCI in j=0 through j=6. In the initial
molecular beam the j = 0 state accounts for over 97% of the initial HCI rotational state
population. From these images the full (8 =0° - 180°) DCS for j =0 — j' = 1,2,..,6
rotational energy transfer at a center-of-mass energy of ~538 cm’ is determined. The
scattering products are detected using state-selective ionization via (2 + 1) REMPI
through the E-state. The images are analyzed using an iterative fitting method that
produces the direct extraction of state-to-state DCS’s in the center-of-mass frame.

Figure 1 is the experimental image obtained from the selective ionization of HCI j=4.
Superimposed on this image is the center of mass and the relative velocity vectors of the
Ar and HCI j=0 molecule that collided. Scattering intensity at 6=0° degrees represents
forward-scattered products and intensity at 8=180° represents back-scattered products.
The angular distributions for the experimental DCS’s become increasingly backscattered
as Aj increases, but do so non-monotonically, as j* = 3 is more forward scattered than j’ =
2. Images for the even Aj’s 0 — 2 and 0 — 4 are similar, and those for the odd Aj’s 0 —
1 and 0 — 3 also have similarities. The calculated cross sections, based upon the HCI-Ar
H6(4,3,0) potential of Hutson [Hudson, J. Phys. Chem. 1992, 96, 4237-4247 ], agree
qualitatively with the experimental cross sections and show the same non-monotonic
trends in the scattering intensity. However, there are significant differences between the
theoretical and experimental results, where many of the principal features in the
calculated DCS’s lie 10° — 30° more back scattered than the same features in the
experimental DCS’s. Figure 2 shows the DCS extracted from the data of Figure 1 and
the corresponding DCS calculated from the H6(4,3,0) potential as well as simulated
images using the two different DCSs. Comparison of the simulated images shows the
sensitivity of the raw data, Figure 1, to the small differences in the DCSs of Figure 2.
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This work was done in collaboration with the George McBane of Ohio State University
and Paul Houston and Mike Westley of Comell University and Thomas Lorenz, Sandia.

Other crossed-beam experiments have examined the alignment of the rotational angular
momentum of scattered NO from rotationally inelastic collisions with Ar at nominally
500 cm™' collision energy. The NO product is probed by polarized, two-color 1+1’
REMPI through the NO A’T state. By using very low probe laser power, we avoid
saturation of the resonant transition. Rotational alignment is obtained from comparison
of images obtained with different polarization geometries of the probe light.

In figure 3 the velocity-mapped images of the NO X1, (v=0, j=17/2) product, probed
on the R,)(17/2) line of the NO A « X transition are shown. In these images the NO

projectile approaches from the right side of the image and the Ar target from the left. The
leftmost image, labeled V, was obtained for probe light polarized perpendicular to the
plane of the image. The middle image, labeled H, was obtained for probe light polarized
. along the horizontal axis of the image. Note that, for this product j-state, the NO is
mostly forward-scattered.

The right image is the difference between V and H, normalized by their sum. This image
is symmetric and shows that the forward scattered products are polarized opposite to the
back scattered products. We have developed a theory to extract the angular momentum
alignment from such polarization differences. There are three general types of alignment
possible: wheel, frisbee and propeller. Frisbee is defined as having the j-vector
perpendicular to both the recoil velocity vector and the scattering plane (defined by the
center-of-mass collision vector and recoil velocity vector). Wheel is defined as j
perpendicular to the recoil velocity vector and in the scattering plane. Propeller has the j
vector of the scattered product parallel to the recoil velocity vector.

In the scaled difference image, lighter shading corresponds to a negative difference
(V<H) and darker shading corresponds to a positive difference (V>H); the gray
background shade corresponds to V=H (zero rotational alignment). The white regions of
the difference image, concentrated in the backscattered region, indicate frisbee-type
trajectories of the recoiling NO. The darkest regions in the difference image,
concentrated in the strongly forward-scattered region, indicate propeller-type trajectories
of the scattered NO. A physical picture consistent with results is that frisbee trajectories
are produced by strongly repulsive collisions with all three atoms nearly in the scattering
plane. Propeller trajectories originate from softer collisions in which the NO rotor i$ only
slightly deflected in the collision. ’

We are currently extracting quantitative alignment parameters from difference images of
this type for several rotational states of the scattered NO. The results appear similar to
the alignment measurements by Meyer [H. Meyer, J. Chem. Phys. 102, 3151 (1995)]

on this system.. Time-of-flight experiments provide the laboratory-frame alignment
parameter A%, however, analysis of the imaging data reveals three recoil-velocity
reference frame alignment parameters Ay AP AP, giving give a much more
complete description of the trajectory of the recoiling NO product. For example the
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imaging data shows that the backscattered NO preferentially produces frisbee-type
scattering, whereas the analogous TOF measurement can not distinguish between frisbee
and wheel-type alignment. This work was done in collaboration with Dr. Joe Cline of the
University of Nevada at Reno and Dr. Thomas Lorenz and Dr. Elisabeth Wade of Sandia.

Future Directions

We will continue to develop techniques for the study of unimolecular photochemistry and
bimolecular interactions using photofragment imaging and velocity mapped crossed-
molecular-beam ion imaging techniques.
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Direct Numerical Simulation and Modeling of Turbulent Combustion
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email: jhchen@ca.sandia.gov

Program Scope

Direct numerical simulation (DNS) of turbulent and unsteady laminar flames has been an
invaluable tool in the understanding of complex interactions between combustion chemistry,
transport and unsteady flow in gas phase combustion. The scope of the present research is to use
DNS with detailed chemical mechanisms for hydrocarbon and-hydrogen fuels to simulate multi-
dimensional unsteady effects in premixed, partially-premixed and nonpremixed combustion. The
physical insights gained from these fundamental studies is being used to guide models of the
turbulent flame speed in the flame surface density and the G-equation flame-front tracking flamelet
modeling approaches for RANS and LES of practical engineering configurations.

Recent Progress
Stretch effects on the burning velocity of turbulent premixed hydrogen-air flames "'

The turbulent burning velocity is a central quantity in the understanding and modeling of
turbulent premixed combustion in the flamelet regime. It depends upon, not only the intrinsic
thermochemistry and transport, but also on external aerodynamic stretch on corrugated flame
surfaces. It is well known that stretch, through strain rate and curvature, has a profound effect on
the local flame speed through coupled effects of unequal heat and mass diffusion. While
experiments have confirmed the theoretical prediction that the burning velocity varies linearly with
small values of stretch, the application of the linear theory to real flames with finite thickness and
higher values of stretch has been more difficult and more open to debate. Outstanding issues
remaining include how flame propagation is defined, the location in the flame where it is measured,
transients associated with turbulent flows, and preferential/differential diffusion effects.

DNS studies of turbulent methane-air and hydrogen-air premixed flames have provided
invaluable data to address the aforementioned issues, and to provide statistical information required
in flamelet models. Specifically, correlations of burning velocity with strain and curvature for
alternative definitions of flame speed were examined. Diffusive-thermal effects on propagation and
structure for lean to rich hydrogen/air stoichiometries were found to have a dominant effect on
enhancing (diminishing) flame speeds. Finally, the flame response to transient stretch 1s examined
using multiple approaches: 1) by varying the initial turbulence intensity relative to the flame transit
time in the DNS; and 2) by performing one-dimensional unsteady counterflow calculations where a
time-dependent strain rate is imposed at each of the nozzle exits.

For moderate turbulence intensity DNS, u’/S, =5, we found that both the local consumption and
displacement speeds correlate strongly with curvature and strain rate across a wide range of thermal-
diffusive mixture conditions. The results we obtain are consistent with diffusive thermal theory and
differ from previous results obtained from DNS studies. We find that diffusive-thermal effects result
in substantial changes in burning rate, by as much as five times larger than the undisturbed laminar
flame speed for unstable mixtures, and by as much as four times lower for stable mixtures. Previous
studies have indicated much more modest changes in mean burning rate due to stretch (10-30 % of
S.). even for diffusively imbalanced mixtures. Computed strain Markstein numbers we obtain range
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from —5.34 to 2.85 and area-weighted expectations for the consumption speed range from 2.43S, at
an equivalence ratio, ¢, of 0.4 to 0.395, at $=6.5.

We also discovered that near the neutral stability point, at an equivalence ratio of ¢=0.6, the
correlation of flame speed with curvature depends upon whether heat release or fuel consumption is
utilized in the consumption speed definition. Qualitative differences are observed and we attribute
these differences to the physical segregation in the peak heat release and peak fuel consumption
along with competing diffusional effects of H-atom and H,. In particular, the main fuel
consumption reactions are the chain-branching/carrying steps, most notably H,+O=H+OH [R2] and
H,+OH=H,0+H [R3], which favor high temperature (above 1200K), while heat release is primarily
produced by the recombination step, H,+0,+M=HO,+M [R9], which is dominant for lower
temperatures (below 900K). As such, the peak heat release occurs upstream of the location of peak
fuel consumption, implying that H atom must diffuse back upstream to enhance R9. Therefore,
while H, consumption is directly related to the focusing of H, at the positive cusp, heat release is
affected by two competing effects, namely the focusing of H, and the defocusing of H-atom. For
curved flame fronts the temperature and H-atom isocontours do not align due to preferential
diffusion, resulting in one effect overriding the other.

For all stoichiometries considered, $=0.4 to 6.5, a near linear correlation of propagation with
strain is found to exist, while the correlation with curvature is nonlinear. This result implies that the
theoretical results for flame propagation in the limit of weak stretch have broader applicability to
turbulence situations where the strain rate is much larger. The strain contribution to the Markstein
numbers for moderate turbulence intensities compares favorably with steady counterflow and"
experimental results. Unsteadiness, imposed by a high turbulence intensity, however, leads to an
attenuation of the flame response to stretch, manifest as a reduction in the Markstein number. This
is observed across a wide range of fuel-lean to fuel-rich stoichiometries.

To further clarify the role of unsteady strain rate on the burning velocity of hydrogen-air
premixed flames a one-dimensional unsteady opposed nozzle configuration was studied numerically.
An oscillatory and impulsive velocity forcing was applied to the exit of each of the nozzles. The
Markstein number versus the frequency of oscillation was investigated for mixtures of different
equivalence ratios. The general trend we observed from the counterflow simulations is that the
flame speed response to strain rate fluctuation attenuates as the frequency of oscillation exceeds the
inverse of the characteristic flame time, consistent with the DNS results. The increased phase delay
of the flame response to strain rate causes tilting of the flame speed/Karlovitz number limit cycle,
resulting in a lower Markstein number (slope of the ellipse). Unique behavior, however, was
observed for some rich mixtures, in which the Markstein number exhibits a peak response for
moderate frequencies. This distinct behavior disappears again as the equivalence ratio is further
increased, possibly due to the effect of a reduced heat release parameter. Further comparison of the
Markstein number to a case with dilution reveals that the resonance is suppressed by dilution.

Structure and propagation of triple flames in partially-premixed hydrogen-air mixtures **
Partially-premixed turbulent combustion plays an important role in many practical situations. In
a direct injection diesel engine the initial stage of combustion occurs in a rich partially-premixed
mode following autoignition. In a lifted turbulent jet diffusion flame it has been conjectured that the
stabilization mechanism at the point of lift-off may be a partially-premixed flame known as an edge
flame—i. e. a diffusion flame with a premixed leading edge. Turbulent diffusion flames that are
highly strained and are undergoing-local extinction may also have regions of partially-premixed
combustion as the extinction pockets reignite and burn along the edges. In all of these situations
models that adequately predict the burning rate are required. Flamelet-based models for the limiting

42



cases of purely premixed and purely nonpremixed flames exist and it is possible that these models
may be extended to account for mixed-mode combustion.

The simplest canonical flow to study effects of partial premixing is a triple flame comprised of a
curved premixed front spanning rich and lean compositions and a trailing diffusion flame formed
from the excess fuel and oxidizer that survive through the premixed branches. Recently, we have
used DNS with detailed chemistry to study the dynamics of triple flames interacting with unsteady
vortices, along with the structure and propagation characteristics of laminar methanol-air and
hydrogen-air triple flames in a scalar mixing layer configuration. From DNS of a methanol-air triple
flame we discovered that triple flames have a two-stage structure, characteristic of hydrocarbon
fuels, wherein the trailing diffusion flame corresponds to a CO/H, flame produced from stable
combustion intermediates from the upstream premixed branch. We also found that the enhancement
in the stabilization speed is primarily due to flow divergence, consistent with earlier studies, and that
its value is proportional to the square root of the density ratio across the flame. For an unstretched
flame the effect of detailed chemical kinetics on flame propagation was found to be minimal relative
to heat release.

As with the DNS of methanol-air triple flames, we found that for a scalar mixing layer of diluted
hydrogen/air, the triple point is near the stoichiometric line even thought the laminar flame speed of
a H,/air premixed flame is maximum for a rich mixture. For a mixing layer of undiluted hydrogen
and air, the extreme asymmetric structure of the triple flames reveals some distinct features. Most
notably, the maximum value of the stabilization speed, and hence the stabilization point, occurs at a
location different from the triple point at which heat release and displacement speed are maximum.

The effect of unsteady flow strain on the triple flame structure and propagation was also studied
by imposing a pair of counterrotating vortices in front of the flame. As the triple point encounters
compressive strain in the channel between the vortices, the premixed flame front collapses onto the
diffusion flame, thereby forming an edge flame. Subsequently, a shift in the heat release toward the
lean premixed branch and extinction of the H-atom consumption layer at the tip were observed. The
excessive strain and curvature at the triple flame tip induced by the vortical flow results in a negative
displacement speed. The triple flame was subjected to vortices of different strengths. It was found
that the speed at the triple point is correlated more strongly with stretch than with scalar dissipation
rate.

Combined pdf-sdf approach to partially-premixed turbulent combustion !
Direct injection gasoline and diesel engines feature large as well as small-scale spatial

fluctuations in the mixture composition. Under these conditions, a description of partially-premixed
turbulent combustion is needed. From DNS studies of triple flames we learned that partially-
premixed combustion occurs in two stages, with the first stage corresponding to a premixed mode,
and a second stage corresponding to a diffusion flame burning the by-products of the first stage.
DNS studies have shown that the premixed stage is flamelet-like while the nonpremixed stage
exhibits nonflamelet behavior. Recently, a combined surface density function probability density
function (SDF/PDF) formalism was developed to handle both flamelet and nonflamelet combustion
regimes within a unified model [6]. As an initial attempt to extend the SDF/PDF formalism to
handle partially-premixed modes of combustion, we have developed a criterion for the detection of
partially-premixed finite-rate burning zones. We have defined a new single scalar variable based on
geometric properties of mixture fraction and nonconserved variables observed from DNS of triple
flames that allows the detection of finite-rate and triple flame domains. This scalar variable
incorporates the angle between the gradients of mixture fraction and progress variable, and has been
generalized to handle detailed chemistry. Using this new scalar variable the framework for a
combined SDF/PDF approach has been developed that is able to treat finite-rate partially-premixed
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regions in a turbulent flow by conditioning with the scalar detecting them. Future work in this area
will involve developmc appropriate closure models for the various terms in the new SDF/PDF

approach.

Future Plans

We plan to continue our DNS studies of unsteady multi-dimensional flames with detailed
hydrocarbon and hydrogen kinetics on massively parallel distributed memory computational
platforms with a focus towards understanding and modeling the effects of partial premixing on flame
structure and propagation, the effects of turbulent fluctuations on autoignition, and the effects of
unsteady strain rate on the chemical response and propagation of premixed and partially-premixed

flames.
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Scope

The objective of this project is to investigate fluid mechanical processes that control combustion
efficiency, power density, flame stability and formation of pollutants. In practical flames, these
processes are turbulent and the flame interactions processes are not sufficiently well understood
and characterized to guide the development of predictive theoretical models that include robust
turbulence codes with detailed combustion chemical kinetics. Our research focuses on premixed
turbulent combustion. Lean premixed combustion emits low concentrations of oxides of nitrogen
(NO,) and is a recognized energy technology for next generations heating and power systems.
The main objective of our research (on the fluid mechanical processes of premixed turbulent
flames) is to contribute to the development of combustion modeling and theories that will be the
design tools for future clean combustion systems. This mission is relevant to the DOE
programmatic goal to increase energy efficiency and to minimize adverse environmental
consequences of energy production and use. Our experimental and numerical efforts are guided by
a theoretical concept that separates premixed turbulent flames into regimes according to their
characteristics at different levels of turbulence. The experimental configurations are designed to
facilitate direct comparison with numerical models.

Recent Progress

Our current interest is to characterize the differences between flames in moderate and intense
turbulence. The purpose is to test the Klimov-Williams criterion at unity Karlovitz number, Ka
= /. This 1s a theoretical threshold that separates two types of premixed turbulent flames. In
wrinkled flames (Ka < /), at low to moderate turbulence, the reaction zone of the flame front (on
the order of 0.1 mm thick) remains undisturbed by turbulent eddies. The flame fronts retain many
features of a laminar flame. Flames with “distributed reaction zones” (Ka > /) occur at high
intensity turbulence where small intense eddies may penetrate and broaden the reaction zone. As
the operating conditions of most practical systems span this criterion, the problem is of interest to
both fundamental and applied research. The main implication is that different flame models may
be needed to simulate the combustion processes in the two regimes. This is particularly
significant for modeling flames within the distributed reaction zone regime. Turbulence transport
within the reaction zone imply that a very fine computational grid (at least 10 times finer that that
for the wrinkled flames) may be necessary to resolve the changes in the thermal, mass transport

and chemical processes.
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For these investigations, we used a low-swirl burner (LSB) with a turbulence generator that
produces high intensity near-isotropic turbulence of up to 3.0 m/s rms velocity. The experiments
cover conditions of moderate (u’/S;, = 3) to intense (u’/Sy = 12) turbulence. For velocity
measurements, we use a two-component laser Doppler anemometry system. For scalar statistics,
we use laser schlieren, laser tomography, Planar Laser Induced Fluorescence for OH (OH-PLIF)
and 2D Rayleigh. Methane/air flames with the same equivalence ratio (¢ = 0.7) have been
studied. By increasing the total flow rate from 5 to 20 liters/s, the rms velocity was varied from
0.5t02.2 m/s.

A statistical analysis of the OH-PLIF results is complete. These images have shown that the
probability of finding the smallest flame wrinkles is relatively low even under intense turbulence.
This is an indication that the penetration of small intense eddies into the flame sheet, as postulated
by the ‘distributed reaction zone’ concept, may be statistically an extremely rare event. The OH-
PLIF images were also processed to determine flame wrinkle scales and curvatures. The results
show that the flames respond to the increases in turbulence intensity by producing larger mean
flame front curvatures. But the probability of very large mean flame curvatures (i.e., very small
wrinkles) is relatively low. This gives further evidence that the influence of the smallest
turbulence eddies on the flame fronts is a rare event.

The flame edges deduced from the OH-PLIF data were also analyzed to evaluate the turbulent
burning rate. The method provides a two-dimensional estimate of the flame surface density, =
(ratio of flame front length to the flame zone area) as a function of the progress variable, ¢. This
approach avoids some of the difficulties involved with previous one-dimensional methods. The
integral of £ across the flame brush is the burning rate. These results were compared with the
consumption speed .S that is equal to the turbulent flame speed, St, for an ideal 1D system. For
the axisymmetric flame in a LSB, it is necessary to account for the radial mass fluxes to determine
S.. The results show that S, is typically 25% of Sr indicating a large amount of outflow that
occurs in the divergent flow field. '

The burning rates obtained from integration of the flame surface density are found to be very
similar to S.. Both show linear increase with increasing u’/S;. Such a similarity although to be
expected intuitively, was not observed in previous comparisons of scalar burning rates and
turbulent burning velocities because the displacement speed or a rms velocity was used in those
comparisons. The results underline the fact that the consumption speed is the more fundamental
quantity which should be used to quantify the affect of upstream conditions on the turbulent
burning rate. It is clear that the scalar experiments, which are often simpler to perform than the
velocity measurements, will provide a good estimate of the reactant consumption rate.

Currently, we are analyzing data obtained by simultaneous measurements of OH-PLIF and 2D
Rayleigh scattering in flames stabilized in a LSB. These experiments were performed at Institut
fur Techniche Mechanik in RWTH Aachen, Germany in collaboration with Professor Peters. The
two methods provide complementary information. OH is a convenient marker of the reaction
zone at the trailing edge of the flame front. 2D Rayleigh scattering maps the density distribution
in the preheat zone at the leading edge. At the highest turbulent condition, the flame fronts shown
on the 2D Rayleigh images are broadened and disrupted by turbulence. The corresponding PLIF
images remain consistently less wrinkled and do not show significant broadening. These features
support a new ‘thin reaction zone’ regime (/ < Ka < /0) to indicate the transition from flamelet
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to distributed reaction zone at much higher Karlovitz numbers. This new regime represents the
conditions under which the smallest turbulence scale is smaller that the flame thickness, 4, (about
I mm for most atmospheric pressure hydrocarbon flames) but is still an order of magnitude larger
than the reaction zone.

In addition to our experimental effort, we are also pursuing a modest numerical study of turbulent
open v-flames by the discrete vortex method. This 2D method is particularly well suited for
investigating the dynamics of the turbulent flow and its effects on flame wrinkling. Though other
more elaborate numerical approaches have been developed for premixed turbulent flames, the
discrete vortex method focuses on the fluid mechanical processes and provides a better tool to
resolve dynamic flame/turbulence interactions that control the development of the turbulent flame
brush. A rod-stabilized v-flame was chosen because of the wealth of experimental data on the
turbulent flowfield and flame wrinkle structures that have been collected in our experimental
database and are available for direct comparison with numerical results. Our collaborator on the
numerical study is Prof. C. K. Chan of the Hong Kong Polytechnic University. The achievements
in the past three years include improvement in the representation of outflow and lateral boundary
conditions; numerical implementation of the advection algorithm; refinement and enlargement of
the computation grid; and inclusion of vorticity diffusion. Considerably improved quantitative
agreement with a limited set of our experimental data has also been obtained.

Summary of Planned Research

Open atmospheric pressure flame studies

We shall extend our study of burning rates and wrinkled flame front structures to different burner
configurations. The burning rate is a measure of the enhancement of combustion intensity due to
turbulence. From a scientific perspective, correlation of the combustion intensity with turbulence
properties is essential for validating the predictive capability of theoretical or numerical models.
Determining the burning rates of steady premixed turbulent flames is non-trivial and is an
important unresolved scientific problem. From a practical perspective, empirical data of the mean
burner rate is fundamental to scaling the combustion system.

We also plan to continue the investigation of flame front structures to verify the new concept of
the thin reaction zone regime. Though the 2D Rayleigh images show strong evidence of preheat
zone broadening, development of analytical methods to quantify this effect have been challenging.
Different approaches are under consideration and a consistent and reproducible method will be
developed. In addition to quantifying flame broadening, complementary analyses will be
conducted to deduce the wrinkle scales and curvatures for different isotherms. If the thin reaction
zone regime 1s valid, we expect that at low to moderate turbulence the wrinkle scales of the
reaction zone represented by the high temperature isotherms will be consistent with those of the
preheat zone. At higher turbulence intensities, the wrinkle scales of the preheat zone will be
smaller than those of the reaction zone due to turbulence transport.

Flames at high pressure and temperature

We also plan to initiate a program to study lean premixed turbulent flames at high initial pressures
and temperatures. The motivation is to extend our capabilities to address fundamental issues
relevant to gas turbine combustion. During the past decade, the gas turbine industry has gradually
been adopting lean premixed combustors to help reduce NO, emissions. The development of the

47



lean premixed gas turbine has been plagued by problems such as flame stabilization, combustion
oscillations and flame blowoff. As this is a relatively new technology, it has yet to generate
significant interest in the scientific community to study fundamental properties of steady lean
premixed turbulent flames under gas turbine operating conditions. Traditionally, high-pressure
premixed turbulent flame studies have focused on non-steady flame configurations relevant to
spark ignition engines. As the Combustion Fluid Mechanics Group at LBNL is one of the research
pioneers for steady atmospheric premixed turbulent flames, it is a logical extension to apply our
experience and expertise to a new and useful environmental energy technology.

The apparatus that will be used for studying high-pressure flames was built by funds obtained
through LBNL’s Laboratory Director Research and Development program. It has a test section
that is designed to accept advanced laser diagnostic for probing turbulence and scalar fields. The
apparatus is being commissioned and will be operational by summer of 2000.

Numerical simulation

If funding is available, we plan to use the improved discrete vortex model and.extend the
computations to high turbulence intensities and possible predictions of local extinction. Another
extension would be to treat the problem of flame stabilization by a recirculation region behind a
finite size flameholder. The model would include the effects of shear turbulence produced by the
flame stabilizer and its role in the recirculation zone within the products. Formulation and
exploitation of the model for the stagnation point flame configuration will also be explored.
These numerical simulation developments would represent a significant and practically important
advance in the prediction of premixed flame behavior by means of vortex dynamics. The
numerical problems to overcome are, however, far from trivial. Additional experiments to
validate the numerical predictions will also be formulated.

Publications

1. Yegian, D.T. and Cheng, R K., “Development of Lean Premixed Low-Swirl Burner for Low
NO, Application” Combustion Science and Technology V. 139, N1-6, p. 207 (1998).

2. Cheng, R K., Bedat, B., Shepherd I.G. and Talbot, L., “Premixed Turbulent Flame Structures
in Moderate and Intense Isotropic Turbulence” to appear Combustion Science and
Technology 2000.

3. Plessing, T., Kortschik, C., Mansour, M.S | Peteré, N. and Cheng, R K., “Measurement of the
Turbulent Burning Velocity and the Structure of Premixed Flames on a Low Swirl Burner”
submitted to 28™ Symposium (International) on Combustion, 2000.

4. Shepherd, 1.G., Bourguignon, E., Michou. Y. and Gokalp, I, “The Burning Rate in Turbulent
Bunsen Flames” 27" International Symposium on Combustion, 1998.
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ABSTRACT-

Modern computer based modeling of microscopic materials properties can yield critical insight into
reaction processes such as CO, mineral sequestration (e.g., thermal activation barriers, dissociation
energies, and intermediate materials stabilities). Suitably chosen first principles simulations
(requiring little or no experimental input) can provide valuable predictions of properties, including
mechanical stiffness and elasticity, electronic and spectroscopic response to radiation (e.g., IR,
visible, x-ray), and the energetics associated with fundamental chemical reaction processes. Highly
efficient (but less predictive) semi-empirical quantum mechanical methods, when properly tuned
using experimental or ab initio data, permit very broad investigations to be performed on large
systems containing 50-500 atoms.

Advanced modeling techniques are integrated with our atomic-level/microscopic mechanistic studies
of Mg(OH), dehydroxylation/carbonation processes in a synergetic way (see McKelvy, et al. abstract
herein), which provides a deeper fundamental understanding than can be achieved with either
approach alone. By combining first principles, semi-empirical and classical simulation techniques,
we have examined the dehydroxylation reaction of Mg(OH), (brucite) and demonstrated that
metastable oxyhydroxide compounds (Mgy+yOx(OH)y) are expected to form along the
Mg(OH), = MgO reaction path. These new phases differ in free energy by only ~1-2 kcal/mol from
equivalent stoichiometric mixtures of MgO and Mg(OH), — energies small in comparison with
typical local elastic strain energies associated with bending of lamella during dehydroxylation.
Computed bulk moduli indicate that a rapid increase in layer stiffness occurs during dehydroxylation
further increasing the elastic strain energies associated with decreasing hydroxide layer
concentrations. Ab initio methods also provide a useful and unique point of contact with
spectroscopic measurements such as EELS and x-ray, as synthetic spectra can be compared directly
with those observed in order to elucidate salient bonding and structural trends. We illustrate this
connection by comparing the predicted and observed signatures of carbon in different environments.

CO; surface reactivity has also been analyzed using judiciously chosen cluster models of MgO,
Mg,:yOx(OH),y and Mg(OH), surfaces. These results provide a preliminary fundamental
understanding of the early chemical events involved in the carbon dioxide mineralization process.
By integrating these results with our atomic-level/microscopic imaging studies, a more
comprehensive understanding of carbonation in this model Mg-rich lamellar-hydroxide mineral
system is beginning to emerge. Future work will focus on extending this understanding and
exploring the breadth of its application to chemically and structurally similar mineral carbonation
processes, such as sepentine carbonation.

* This work is supported by DOE Fossil Energy Advanced Research managed by the National
Energy Technology Laboratory.
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Program Scope

Pyrolysis of even simple substances, such as hydrocarbons and their chloro derivatives, is a complex
chemical phenomenon that involves sequences of intertwined pathways connecting diverse classes
of compounds. Aiming at detailed elucidation of processes responsible for the formation of various
important chemicals at high temperatures, our research targets several of these pathways. A broad
spectrum of theoretical approaches, ranging from very accurate interpolative schemes such as G2 to
the methods of density functional theory, is employed. Stable molecules, transient intermediates,
radicals, carbenes, highly strained systems, and transition states of various reactions are investigated.

The ongoing research is already producing an abundance of useful results. Reliable values of
thermodynamic properties are becoming available for molecules that are not readily amenable to
experimental measurements. [n the near future, new mechanisms of such important reactions as
the trimerization of acetylene will be revealed and several conjectured mechanisms will be either
confirmed or disproved. Rules governing thermal degradation of polychlorinated hydrocarbons and
heterocyclic compounds will be discovered.
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Recent Progress

Five research projects were completed in 1999. These projects, which yielded data of much interest
to both experimental and theoretical chemists, required very substantial computer resources.
High-level electronic structure calculations combined with empirical adjustments predicted the
standard enthalpy of the C-H bond dissociation in HC=C-CH==CH; to be equal 115.1+1.4 [kcal /mol],
i.e. ca. 4.0 [kcal/mol] higher than that of the analogous bond cleavage in ethene (8]. This differ-
ence in bond strengths stems from resonance stabilization of the parent molecule. The standard
enthalpy of formation of the 1-buten-3-yn-1-yl radical was estimated at 133.841.5 [keal/mol], which
is significantly higher than all of the previously published values. As in the case of polychlorinated
alkanes, the BLYP approximation was found to seriously underestimate the strengths of the C-H
and C-Cl bonds in chloro derivatives of HC=C-CH=CH,. On the other hand, the BLYP/6-311G**,
MP2/6-311G**, QCISD/6-311G**, and CCSD(T)/6-311G** predictions for the standard enthalpy
of ethyne dimerization all closely matched their experimental counterpart.
CCSD(T)/6-311G**//QCISD/6-311G** calculations on the concerted [2+2+2] trimerization of
ethyne to benzene yielded the standard reaction enthalpy AH?, (HC=CH) = -140.2 [kcal/mol]
and the standard enthalpy of activation AHY ,(HC=CH) = 53.1 [kcal/mol]. The corresponding
transition state (TS) possesses C; symmetry, although both the planar Dgy, and nonplanar Dj
structures were found to be negligibly higher in energy, indicating extreme flatness of the potential
energy hypersurface along the distortion paths [9]. In agreement with the limited experimental
data, the analogous trimerizations of HC=CCl and CIC=CCIl were predicted to be considerably

more exothermic. As the respective T'Ss cannot be located and the planar pseudo-TSs that possess
several imaginary vibrational frequencies are associated with high reaction barriers, the concerted
mechanism can be ruled out for these reactions.

A comprehensive set of 600 experimental standard enthalpies of formation (AH?) were gener-
ated [10]. With its diverse species, many possessing less usual geometries and bonding situations,
this compilation is capable of uncovering deficiencies in approaches of quantum chemistry that are
not detectable with smaller sets of AH? values. Its usefulness in benchmarking, calibration, and
parameterization of new electronic structure methods was illustrated with the development of the
B3LYP/6-311++G** bond density functional (BDF) scheme. This scheme, which is sufficiently in-
expensive in terms of computer time and memory to allow predictions even for molecules as large as
the Cgo fullerene, requires only single poirit calculations at optimized geometries. It yields values of
AH? with the average absolute error of 3.3 [kcal/mol], rivaling more expensive methods in accuracy
(especially for larger systems). A list of species that are poorly handled by typical hybrid density
functional used in conjunction with moderate-size basis sets was constructed. This list is intended
for rigorous testing of new density functionals.

The CigHag spheriphane (heptacyclo[13.13.21:15,28:22, 13,27 1610 11317 120.24|heyatriaconta-1,3
(33),6,8,10(34),13,15,17(35),20,22,24(36),27-dodecaene) is a prototype of semi-rigid hydrocarbon
host cages capable of selective binding of metal cations. It consists of four benzene rings linked
through six -CH,-CH,- bridges. Electronic structure calculations carried out at the B3LYP/6-311G**
level of theory revealed the existence of seven low-energy conformers of CsgHsg spheriphane with
symmetries ranging from C; to T [11]. These local minima are connected through an intricate net
of reaction paths involving transition states of diverse symmetries that correspond to inversions of
the C-C-C-C dihedral angles at individual -CH,-CH,- bridges. Barriers to these inversions were
computed and vibrational spectra of conformers were predicted.

Standard enthalpies of formation of 115 IPR fullerenes with 60-180 carbon atoms that pos-
sess non-vanishing HOMO-LUMO gaps (including all the members of the Cqg, Cgg, Cgaz, Csa4, and
Cge families) were calculated at the B3LYP/6-31G* level of theory using the isodesmic reaction
(N/60)Cgo—Cy and the known value of AH?(Cqgp,g) [12]. The computed enthalpies were shown to
be accurately reproduced by an additive scheme in which each hexagon is assigned a contribution
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that depends on its first and second layers of neigboring rings. The availability of such an additive
scheme opens an avenue to rapid predictions of stabilities of large buckyballs and bucktubes.

Future Plans

In the coming year, our research effort will be focused on reactions that are of relevance to the
formation of thiophenes in fossil fuels. In particular, we will focus on the insertion of heterosulfur
bridges into biaryls and angularly condensed arenes.

1. Thermochemistry of sulfur radicals: Little is known about the relative stabilities of radicals of
sulfur that are present in the gas phase at the elevated temperatures of 350 - 400 [°C]. G2 and G3
calculations will be employed in investigation of gas-phase equilibria among sulfur rings and sulfur
radicals of various degrees of catenation. These studies will identify the species responsible for the
dehydrogenation of partially hydrogenated PAHs and the concomitant sulfur insertion.

2. Thermochemistry of reactions between elemental sulfur and AlClh, and the nature of the
resulting electrophilic agents: Although it is almost certain that the insertion of sulfur into biaryls
involves sulfur-containing cations, the exact nature of the pertinent electrophilic agent is unknown.
Therefore, reactions of AlCly with several sulfur rings will be studied. High-level approaches such
as CCSD/6 311G**, G2, and G3 will be employed.

3. Thermorhenmtry and kinetics of the model reaction 1 + 25 — 2 + H,S: The reasons for the
2 and 2’ positions of 1 being the primary sites of electrophilic attack will be elucidated. Both the
CCSD/6-311G™* and B3LYP/6-311G** levels of theory will be used to obtain the pertinent data.
Comparison of these data will allow for a systematic correction of the predictions furnished by the
latter approach for reactions involving larger PAHs.
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4. Studies of sulfur insertion into 2-phenylnaphthalene, phenanthrene, and 2,2'-binaphthyl: Elec-
tronic factors responsible for the preferential formation of 4 (rather than naphtho[1,2-b|benzothiophene
5) from 3 will be investigated at the B3LYP/6-311G** level of theory. Reaction barriers and energet-
ics of electrophilic attack at various positions in phenanthrene and 2,2-binaphthyl will be computed
in order to explain the observed failure of these PAHs to form respective annelated thiophenes.

When completed, these investigations will furnish a picturc of diverse rcactions responsible for
the formation of bridging sulfur compounds within PAHs. Thesc types of reactions arc found under
geochemical conditions and during thermal treatment of fossil fuels. Mechanisms of these processes
will be elucidated in detail, opening the avenue to the control of yields of individual products through
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changes in reaction conditions and the composition of the fuel itself. The ability to exert such control
will undoubtedly prove invaluable in a further reduction of environmental pollution caused by the
combustion of sulfur-containing substances of natural origin.

10.

11.

12
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Program Scope

The central focus of this research program is on the study of the dynamics of hydroxyl
radical reactions. Negative-ion photodetachment is used to prepare energy-selected neutral
complexes in nuclear configurations near the transition-state for neutral bimolecular reactions.
The products and dissociation dynamics of these complexes are then determined using
translational spectroscopy. This technique of studying transition-state dynamics builds on the
innovative transition-state spectroscopy experiments of Neumark' and Lineberger.” The
transition-state spectroscopy experiments carried out to date yield information on the neutral
potential energy surface by analysis of the photoelectron spectra of bound anion precursors.
Photoelectron-photofragment coincidence spectroscopy can extend these studies significantly by
allowing detailed characterization of the entire dissociative photodetachment (DPD) event that
occurs when removal of an electron from a stable anion produces a neutral in a dissociative or -
metastable state that undergoes rapid dissociation. We plan on applying this technique to
studying the OH + H,, OH + CO and OH + F reactions, in addition to the work on OH + H,0
and OH + OH discussed below. '

In the current grant period we have also continued our studies of radicals and other transient
species by photoelectron spectroscopy. Specifically, we have carried out a study of the
photodetachment of CF;. These experiments have yielded an improved value for the electron
affinity of this species.

We are also seeking to find new routes to the synthesis of anion precursors. During the
current period this effort focused on laser-desorption ionization of cryogenic films.
Establishment of new ion sources in the laboratory will greatly broaden the scope of the
combustion-relevant systems we can study in the future. '

Recent Progress '
I. Transition state dynamics of the OH + H;O hydrogen exchange reaction

The thermoneutral identity reaction OH + H,OH ,0 + OH is one of the simplest hydrogen
abstraction reactions by the hydroxyl radical. On a fundamental level, this reaction is one of the
simpler radical-molecule reactions and thus of interest as a prototype, in addition to its
significance in atmospheric problems and in combustion systems. The groundwork for this study
was laid by the photoelectron studies by Arnold et al.’ of the H30, anion. They observed a broad
photoelectron spectrum with at least four identifiable peaks at 4.66 eV. The spectrum was
observed to undergo significant changes, in both intensities and positions, upon deuteration,
implying that the spectral features were primarily related to motion of the hydrogen atoms in the
complex. They also carried out ab initio calculations and one-dimensional Franck-Condon
simulations of the spectrum, confirming the role played by H atom motion in the neutral
OH(H,0) complex produced by photodetachment.
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The transition-state dynamics of this reaction have been studied using dissociative
photodetachment of OH(H;O) and OD(D;0) at 258 nm (4.80 eV) using photoelectron-
photofragment coincidence spectroscopy.® The photoelectron spectra are consistent with the
previous results of Neumark and co-workers,” and the quantum yield for dissociation of the
neutral into two fragments is unity. The photoelectron-photofragment coincidence spectrum for
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the OH'(H,0) anion shown in fig.1 reveal considérably more information.

Fig. 1 Photoelectron-photofragment energy correlation spectrum MEr, eKE) for H;0, +hv OH+ H ,0 + ¢ at
258 nm. The ME7, eKE) spectrum is represented as a two-dimensional gray scale histogram. The histogram along
the y-axis shows the photoelectron spectrum (eKE) , and the x-axis shows the photofragment translational
distribution (£7). These are obtained by integrating the correlation spectrum over the complementary variable.

The correlation of the broad peaks in the electron kinetic energy spectrum (eKE) and
photofragment translational energy release (Er) reveals a series of four diagonal ridges. All
events that lie within a single diagonal ridge have a well-defined total kinetic energy, (Eror = Er
+ eKE) because of energy conservation. The simplest explanation of these features is that they
correspond to dissociative photodetachment (DPD) onto vibrationally adiabatic curves sensitive
to the zero point energy effects of the potential. These adiabatic curves are located around the
transition-state for the neutral bimolecular reaction, and correlate with the different vibrational
states of the H,O and OH products. Examination of the FEr distribution for each ridge
individually shows that the width and shape of the spectrum depends on the product vibrational
state. This observation is consistent with the interpretation that these diagonal ridges correspond
to different adiabatic curves in the transition state region corresponding to the product states with
different curvatures. The observation of five diagonal ridges in the correlation spectrum for the
deuterated analog (D30 compared to four in the nondeuterated case shows the zero point
effects along the hydrogen transfer coordinate on the neutral surface play a key role in the
reaction dynamics of the bimolecular reaction.
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Another informative way to view the MEr,eKE) correlation spectra is by examination of the
total translational energy spectra generated by summing the photoelectron kinetic energy and the
translational energy release for each event: Eror = eKE + Er: In the M Eror) spectra, the diagonal
features in the correlation spectra appear as a resolved spectrum of the correlated product
vibrational distribution. Examination of the offset of the vibrational peaks from the internal
energy origin (dissociation asymptote) shows that rotational and bending excitation in the
products is small. Compared to the photoelectron spectrum, the total kinetic energy spectrum
shows more structure and a nicely resolved progression in the nondeuterated and deuterated case.
The observed peak spacing of ~0.42 eV (3388 cm™) in H30;" and ~0.33 eV (2662 cm™) in D30y
are in agreement with the interpretation of excitation of the antisymmetric stretch vibration in.the.
water product.

To aid in the analysis of the data presented above, ab inito calculations were performed for
the anion and neutral complexes involved in these experiments. The main goal was to calculate
the electronic structures of the stationary points in the anion and neutral consistently and find a
method that is accurate enough for calculation of the potential energy for both the anion and the
neutral.

IL. Transition state dynamics of the OH + OH— H,0 + O (’P) reaction

The reaction between two hydroxyl radicals forming O(3 P) + H,0 is an exothermic reaction
that is a minor source of H,O in hydrocarbon flames, while the reverse reaction is a chain-
branching process which results in flame acceleration at higher temperatures.” On a fundamental
level this reaction is one of the simpler radical-radical reactions and thus of interest as a
prototype. The kinetics of this reaction have been studied by Troe and co-workers.® There have
apparently been few studies of the chemical dynamics of this reaction outside of transition-state
spectroscopy experiments by Amold et al.’ ‘

We have carried out photoelectron-photofragment coincidence studies of this reaction by
dissociative photodetachment of O'(H,0) and O(D,0) at 258 nm (4.80 eV). The photoelectron
spectra are consistent with the previous results of Amold et a/.’

Due to the fact that dissociative photodetachment produces both OH + OH and O + H,0
products (see last progress report), the correlation spectrum N(Er,eKE) )shows the correlated
signals for both channels. A final assignment for the diagonal ridges in the correlation spectra for
O'(H,0) and O(D,0) and the corresponding peaks in the total translational energy spectra will
profit from an enhanced mass resolution in the photoelectron-photofragment spectrometer.

ITI. Photodetachment imaging studies of the Electron Affinity and Heat of Formation of
CF;

The search for new flame suppressing materials with reduced potential to destroy ozone has
focused attention on fluorocarbons and hydrofluorocarbons.” For modeling processes in flames,
accurate thermochemical data on the reacting species are required. Due to uncertainties in the
thermochemistry of both CF; and CFj, studies of the energetics and dynamics of these
molecules are of continued interest. One important quantity, the adiabatic electron affinity (EA)
of CFjs is still in question. We have recorded the photoelectron spectra of trifluoromethyl anion,
CF3', at 355 nm and 258 nm. Simulation of the partially resolved vibrational structure is used to
extract the adiabatic electron affinity EA[CF3] = 1.80 =0.05 eV. The heat of formation for the

trifluoromethyl anion derived from the adiabatic electron affinity is AH’;20s[CF3] = -152.9 *

1.1 kcal/mol, which is compared to the high accuracy CBS-Q theory prediction of AHOf,zgg[CFg']
= -152.6 kcal/mol, after "isodesmic bond additivity" corrections (BAC). We find the CBS-Q
prediction of AH’;95[CF3] = -112.1 kcal/mol after BAC, in excellent agreement with the most
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recent experimental determination of the radical. The photoelectron image at 355 nm shows a "p-
wave" for the photodetached electrons.

IV. Cryogenic Matrix-Assisted Laser-Desorption-Ionization Mass Spectrometry

One of the goals of this research project is the development and application of new negative
ion sources., One area that we have pursued in the last year is the potential of using cryogenic
matrices, both with and without absorbing matrix chromophores. In collaboration with Professor
Lester Andrews of the University of Virginia, we recently demonstrated cryogenic MALDI on
A1/O, matrices doped with laser-ablated metal atoms. The resulting oxides, formed by . reaction
in the 10K Ar matrix were then analyzed by laser-desorption-ionization mass spectrometry. This
observation opens the way up to potential applications of laser-desorption-ionization to a number
of transient species that are unstable at room temperature.

Future Plans ,

In the next year we will pursue the other elementary hydroxyl radical reactions discussed in
the introduction. The experimental effort will be coupled with continued studies of the potential
energy surfaces for these reactions in collaboration with Dr. Peter Taylor of the San Diego
Supercomputer Center. Once surfaces of reasonable accuracy are obtained, wave-packet
propagation techniques will be used to simulate the photoelectron and photofragment kinetic
energy distributions observed in these experiments. Our efforts on ion source development will
continue with the MALDI technique, which we will extend to study methods for the generation
of anion precursors to larger organic molecules including polycychc aromatlc hydrocarbons
(PAHs).

Publications: August, 1998 - Present
1. H.-J. Deyerl, A. K. Luong, T. G. Clements and R. E. Continetti, Transition state dynamics of

the OH + H,0 hydrogen exchange reaction studied by dlssoc1at1ve photodetachment of H;0y
., Faraday Discuss. 115 (2000), in press.
2. L S. Andrews, A.Rohrbacher, C. Laperle and R.E. Continetti, Cryogenic Laser-Desorption-
Ionization Studies of Transition Metal Oxides., submitted to J. Phys. Chem. (2000).
3. H.-J. Deyerl, L. S. Alconcel and R. E. Continetti, Photoelectron imaging studies of the
electron affinity of CFs, in preparation
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Our research investigates the chemistry of vibrationally excited molecules. The properties and reac-
tivity of vibrationally energized molecules are central“to processes occurring in environments as
diverse as combustion, atmospheric reactions, and plasmas and are at the heart of many chemical
reactions. The goal of our work is to unravel the behavior of vibrationally excited molecules and to
exploit the resulting understanding to determine molecular properties and to control chemical pro-
cesses. A unifying theme is the preparation of a molecule in a specific vibrational state using one of
several excitation techniques and the subsequent photodissociation of that prepared molecule. Be-
cause the initial vibrational excitation often alters the photodissociation process, we refer to our
double resonance photodissociation scheme as vibrationally mediated photodissociation. In the first
step, vibrational overtone excitation or stimulated Raman scattering prepares a vibrationally excited
molecule and a second photon, the photolysis photon, excites the molecule to an electronically
excited state. Vibrationally mediated photodissociation provides new vibrational spectroscopy, mea-
sures bond strengths with high accuracy, alters dissociation dynamics, and reveals the properties of
and couplings among electronically excited states. Our recent results on isocyanic acid illustrate the
range of information available from vibrationally mediated photodissociation.

DISSOCIATION OF ISOCYANIC ACID (HNCO)

We have studied one particularly interesting molecule, isocyanic acid (HNCO), in detail because of its
inherent richness and practical importance in the RAPRENOx process for removing oxides of nitro-
gen from combustion exhaust. Beyond controlling the branching between two chemically distinct
channels (producing either NH+CO or H+NCO), we also use state selection by stimulated Raman
excitation to measure of the threshold energy for breaking different bonds in HNCO. Our studies
demonstrate the influence of vibrational excitation on the nonadiabatic interactions that control the
competition between singlet and triplet products as well. The information we have obtained on
branching ratios and dissociation thresholds has stimulated theoretical work and provided an opportu-
nity for detailed comparison with ab initio calculations.

The first excited state of HNCO is a bent 1A” state that has both cis and rans minima. The three
decomposition channels open at the energies of the first excited state are two spin-allowed pathways
producing either H + NCO or singlet NH + CO

HNCO (1A”) = H (X2Z) + NCO (X 2IT)
HNCO (!1A”) = NH (a!A) + CO (X 1T+),

and one lower energy spin-forbidden pathway producing triplet NH + CO

HNCO (1A”) - NH (X3%°) + CO (X 1Z+).
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Thus, our experiments probe dissociation dynamics potentially involving three different electronic
surfaces (the ground state Sy, the singlet excited state S;, and the first triplet state T).

VIBRATIONAL SPECTROSCOPY
Stimulated Raman Excitation

Exciting skeletal vibrations offers the possibility of exploring very different motions on the elec-
tronically excited surface, observing new vibrational transitions, determining Franck-Condon factors
for electronic excitation from different vibrational states,-and measuring bond dissociation -energies.
Using stimulated Raman excitation, we have excited three different stretching vibrations in HNCO,
photodissociated the vibrationally excited molecule, and probed the NH(!A) and NCO vibrational and
rotational state populations using laser induced fluorescence. Our experiments prepare either the
N-H stretch (v,=3538.3 cm-1), the asymmetric N-C-O stretch (v,=2269.9 cm-1), or the symmetric
N-C-O stretch (v3=1327 cnr!) by stimulated Raman excitation and provide the first gas-phase Ra-
man spectra of HNCO. We are ‘able to sort out perturbations in the spectra and identify strongly
mixed combination bands.

The initial state selection of the Raman excitation step allows us to measure the thresholds for pro-
duction of either NCO or NH in the photolysis of HNCO without interferences from thermally excit-
ed molecules. We measure a photolysis threshold for H-NCO of 38,320+140 cm-! (Dy(H-NCO) <
109.6+0.4 kcal/mol) and a photolysis threshold of 42,710+£100 cm-! (Dg(HN-CO) £ 122.1+0.3 keal
/mol) for HN-CO. These thresholds, which are strictly upper limits to the dissociation energy, lead
to the heat of formation of HNCO when combined with other thermodynamic data.

Vibrational Overtone Excitation

We have extended our vibrationally mediated photodissociation experiments to molecules cooled in a
supersonic expansion in otder to simplify the vibrational spectroscopy. The analysis of the vibra-
tional spectroscopy of HNCO molecules cooled in a supersonic expansion, using the
photodissociation solely as a detection technique, is particularly informative. We have extracted
molecular constants and identified interactions among vibrations in the region of three, four, and five
quanta of N-H stretching excitation. The interaction matrix elements we extract agree well with ab
initio calculations by East, Johnson and Allen [J. Chem. Phys. 98, 1299 (1993)]. The identification
of the states that are mixed into the nominal N-H stretching vibrations is important in understanding
controlled photodissociation and non-adiabatic processes in the first excited state of HNCO.

ELECTRONIC SPECTROSCOPY

Excitation to the electronically excited state from vibrational states prepared with substantial bend-
ing excitation and a well-known total energy using stimulated Raman excitation locates the origin of
the electronically excited state for the first time. The key is to excite near the origin of S; and detect
the 3NH product formed following the non-adiabatic transition to and decomposition on T,. This
scheme is particularly useful for detecting molecules excited near the origin of the electronically
excited state, which is not accessible from the ground vibrational state, and we have combined our
results with those from Reisler and coworkers, who access higher lying levels, to map out the elec-
tronic spectroscopy over more than 5000 cm-!. The well-resolved spectra show clear progressions
that allow us to assign the N-C stretching vibration (w3;=1034£11 cm-!), the H-N-C bending vibration
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(04=1192£19 cm-!), and the N-C-O bending vibration (ws=599+7 cmrl) in the excited state. Extrap-
olating the vibrationai progressions to their origins locates the zero-point of the excited state
32,449+20 cm! above the zero-point of the ground electronic state. 4b initio calculations of the
energy of the electronically excited state span a range from roughly 20,600 cm-! to 32,970 cm-!.
The experimental measurements have permitted a detailed comparison with theory and have allowed
the identification of a promoting mode for internal conversion from S, to Sy.

VIBRATIONAL CONTROL OF EXCITED STATE DYNAMICS
Controlled Bond Cleavage

We excite the N-H stretching vibration and then photodissociate the vibrationally excited molecule
with light near 225 nm. The crucial comparison is between this dissociation and the one-photon
dissociation at the same added energy.  For example, one-photon dissociation with 230-nm light
adds the same amount of energy to the molecule as vibrationally mediated photodissociation using
3vnu vibrational overtone excitation and 291.5-nm photolysis light. Because this energy is barely
above the threshold for producing NH, the dominant product is NCO. MNonetheless, the relative
amount of NCO increases substantially in the photolysis from the vibrationally excited state. At
energies well above the threshold for NH production, where the NH product dominates, the ability of
the N-H stretch to promote dissociation of the bond is even more apparent, changing the predomi-
nant product from HN to NCO

Nonadiabatic Processes

The spin-forbidden decomposition of isocyanic-acid, HNCO — NH(X 3X-) + CO, is a nonadiabatic
process that must involve coupling from the initially excited S, state to a triplet state. Reisler and
coworkers have discussed the competition among several surfaces in the one-photon photolysis of
HNCO, and we have observed a vibrational influence on the competition between spin-allowed prod-
ucts (INH and NCO). This observation raises the question of the influence of vibration on the com-
petition between the spin-allowed production of INH and the spin-forbidden production of 3NH,
which we explore by monitoring both the singlet and triplet products. The increased relative yield of
3NH could reflect either a enhanced probability of crossing to T, (either directly or through Sy) or it
could reflect a reduced production of INH on the S,. New experiments observing all three products
and calculations involving multiple, coupled surfaces should sort out the mechanism as well as provide
a point of comparison to theory.

FUTURE DIRECTIONS

We have recently used isocyanic acid as a test vehicle for implementing resonant multiphoton ion-
ization (REMPI) detection of the vibrationally mediated photodissociation of HNCO molecules
cooled in a molecular beam. This approach allows us to make absolute quantum yield measurements
and determine the anisotropy of the fragment distribution from the decomposition of the
vibrationally excited molecule. More important, the ability to use REMPI detection has allowed us to
detect H atoms from the photodissociation methanol (CH3;OH) cooled in an expansion and excited in
the region of either three or four quanta of O-H stretching vibration. We have made our first mea-
surements of the kinetic energy of the products and observed slow H atoms coming from the CH;
group. Completing and refining these measurements is the next step with similar dissociation experi-
ments on other molecules and in clusters to follow.
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PROGRAM SCOPE

This research is directed at the detection, monitoring, and study of the
chemical kinetic behavior by infrared absorption spectroscopy of small free
radical species thought to be important intermediates in combustion. In the last
year, infrared kinetic spectroscopy using excimer laser flash photolysis and
- difference frequency probing has been employed to investigate the kinetics of the
NH; and NO3 reaction and to measure the quantum yield of O(!D) relative to
O(3P) in the 193 nm flash photolysis of NO». In addition, the photochemical
branching in the flash photolysis of ketene has been determined in collaboration
with Joe Michael of Argonne National Laboratory.

THE REACTION BETWEEN NHy AND NOy

The reaction between NH; and NO3 has several possible channels.
NH; + NO; —» NH;O+NO (AH =-67 kJ/mol) (la)

— H,O+N,O (AH =-383 kJ/mol) (1b)

- H,O;+N;  (AH =-359 kJ/mol) (lc¢)

— 20H + N, (AH =-146 kJ/mol)  (1d)

— 2HNO (AH = -24 kJ/mol) (le)
It is generally accepted that channels (1a) and (1b) are almost completely
dominant, because theoretical studies! suggest that the transition state energies
of channels (1c-e) are higher than the energy of the reactants making them
inaccessible. The branching ratio into channel (1b) has been measured several
times,2.3:4:5 but the branching ratio into channel (la) has only been inferred by
assuming that channels (lc-e) are negligible.

We have investigated this reaction using the flash photolysis of a mixture of
NH3 and NO7 at 193 nm probing with high resolution IR spectroscopy. Because
the 193 nm UV absorption cross-section of NO3 is relatively small and the
absorption cross-section of NH3 at 193 nm is large, it is possible to produce NH;
+ H without substantial interference from the photolysis of NO, even with a
several fold excess of NO7 over NH3. The photolysis products of NO2, NO and
OQP) and O(1D) (see below), are fairly benign. NO reacts rapidly with NHp, but
cannot compete with the large excess of NO7 as long as flow rates are large
enough and repetition rates are small enough to avoid product buildup. (Our
report last year was affected by product buildup.) O(3P) reacts with NO7
producing Oz and NO and O(ID) also reacts in this way and, in addition, reacts
with NH3 producing NH7 and OH. This last reaction has the same net products as
the photolysis of NH3, as the H atoms produced in the photolysis of NH3 react
very rapidly with NOj to produce OH + NO.
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This rapid creation of OH has provided a valuable probe which not only
indicates that NH2O is being formed through rapid reaction between NH7O and
OH to produce HNO + H3O, but also provides some measure of the NH,O
production through measurement of the final HNO concentration. Our
observations show that NH2O the rate of appearance of HNO or disappearance of
OH depend upon the NH3 concentration, i.e. upon the concentration of NH20O. We
believe that reaction of NH20O with NO3 contributes negligibly.

Neglecting any contributions from the photolysis of NO3, the reaction scheme
1s quite simple.

NH3 +hv (193 nm) — NHx+H (2)
H+NOy — OH + NO (3)
NH; + NO, -~ = NH;O+NO (1a)
— H20 + NzO (1b)
NH>0 + OH — HNO + H0O 4)
HNO + OH — HO + NO (5)
OH +NO + M — HNO3 + M (slow) (6)
13
6X 10 . T
5tn -
—~ 4 i
%)
z o}
° 3 .
T
o 2 7 _
+
1 L i
0 . .
0 0.5 1 1.5

time (msec)

Fig. 1. OH decay calculated with the rate constants m the text with a
measured NH3 initial concentration of 5.3x1013 cm-3. The + symbols
indicate the absolute [OH], the o's after rescaling.

The stable final products on our time scale are, neglecting the small amount of
HNOj3 from (6), NO, N2O, H20, and HNO. As reported last year, we find a
branching into channel (1b) of about 20-25% agreeing reasonably well with
three of the previous four studies. Glarborg et al6 have found that very little
N> is formed at 850-1350 K in the thermal reaction of NH3 with NO»
effectively ruling out channels (1c) and (1d). We confirm that channel (1d) is
absent as there is no prompt ground state OH. We see no prompt HNO ruling
out channel (1e). Thus only channels (1a) and (1b) remain. Since (1b) is about
20-25%, (1a) must be about 75-80%. If reaction (5) were negligibly slow, we
would expect that the final HNO concentration would be 75-80% of the initial
NH> concentration. Instead we find the final HNO concentration is about 55%
of the initial NH7 concentration indicating that the rate of reaction (5) is not
negligible.
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To obtain a crude estimate of the rates of reactions (4) and (5), we have
adjusted them to fit the observed ([HNOJ/[N20])fina] and data for the decay of OH.
The resulting rates are kq=1.2x10-10 and k5=3x10-11 cm3s-1. In Fig. 1 above, the
initial concentration of NH was obtained from photolysis without NO7. There is a
small discrepancy between the [OH] and [NH7],. To show that the time behavior is
reproduced, the [OH] was rescaled to give the circle points.

O(ID) QUANTUM YIELD AT 193 NM

We have measured the quantum yield of O(1D) compared with the total
quantum yield for the destruction of NO3 in the flash photolysis of NO; by
measuring the ratio of the yield of OH upon the photolysis of NO7 in the presence
of a large excess of Hp to the loss of NO3 in the absence of Hy. We find this ratio
is 0.41. Each O(1D) should produce two OH molecules through the reaction

sequence
NO7 +hv (193 nm) — NO + O(I1D) (7
O(D) + Hy —OH+H (8)
H+ NOy — OH + NO (9)

The rate of reaction (8) at 298 K is7 1.1x10-10 cm3sec-! so that even if the
reaction of O(1D) with NO3 is gas kinetic it is easily flooded out by Hy. The
photolysis of NO; in the absence of Hj destroys two NO7 molecules for each O
atom created

NOs +hv (193 nm) — NO + O(!D & 3P) (10)

O+ NOy —- NO + Oy (1)
The rate of reaction (11) is7 9.7x10-11 and is the dominant fate of O atoms in
low pressure mixtures of NO2 and He. Thus [O(ID)]/[NOz]phot =0.4;.

PHOTOLYSIS PRODUCT QUANTUM YIELDS OF KETENE AT 193 nm

The photolysis of ketene at 193 nm was studied by measuring the amount of
atomic hydrogen produced when very dilute ketene/Ar and ketene/Hy mixtures
were irradiated by a single pulse from an ArF excimer laser. Absolute '
concentrations of atomic hydrogen were monitored over a time interval of 1-3 ms
by using Lyman o H atom resonance absorption spectroscopy (ARAS).

Four different photo-dissociation channels of ketene were identified,

HoCCO + hv (193 nm) — CHp (X 3B +CO (12a)
' — CHs(a 'A) + CO (12b)
— H+ HCCO (12¢)

— C20(1%) + Hy (12d)

The quantum yields for these channels were measured as ¢, = 0.63, ¢p = 0.19,
dc = 0.11, and ¢4 = 0.07. In order to explore the secondary chemistry that
occurred when using higher pressure ketene/Ar mixtures, a mechanism was
constructed that used well documented reactions, and for most processes, rate
constants that had already been accurately determined. Modeling studies using
this mechanism showed the hydrogen atom/ time profile to be determined
largely by the rate of reaction of HCCO with H.

H+ HCCO — CH +CO (13)
An excellent fit to all the experimental data was obtained when a value of k13
of (1.720.2)x10-10 cm3molecule-1s-1 was used.

A paper has been submitted for publication on this work.
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FUTURE PLANS

We are preparing papers on the reaction system NH2+NO7 and the O(1D)
yield from NOj. Our efforts this year to observe the NH stretch of NH2O have
so far been fruitless, but we have carried out B3ALYP calculations on NH2O which
indicate that although the antisymmetric NH stretch is weak (7.2 km/mol) it should
be observable. This year we have rebuilt our apparatus with a Herriott cell
arrangement. We expect that this may improve our sensitivity by as much an
order of magnitude through better overlap of the probe and excimer beams. With
clear evidence that NH2O is present, we propose to attempt to observe it again.
We plan to search for the highest frequency NH stretching vibration of NaH3,
which is predicted to be three times stronger (23.1 km/mol) than the strongest NH
stretch of NH7O. We also plan searching for a CH stretch of CH30CH? which has
a band strength a factor of two higher yet. The reaction OH + CH3CHO may have,
in addition to the abstraction channel producing HpO + CH3COQO, an addition
channel producing CH3 + HCOOH. We plan to search for methyl as a reaction
product, and, if CH3 is found, to measure the branching ratio between these

channels.
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I. Program Scope
Currently in our effort to understand the chemical properties of highly v1bratnona11y

excited molecules, we are concentrating on characterizing the collision energy transfer
dynamics and the structure and spectroscopy of transient, vibrationally excited species.
Experimentally, the time-resolved Fourier transform emission spectroscopy has been
developed and used for probing the energy content as well as the structure of the molecules
excited with a laser pulse.

In energy transfer studies, we have found that collision energy transfer from highly
vibrationally excued molecules, such as NO,, SO,, CS; and pyrazine with energies as high
as 40,000 cm’, is dominated by long range mteracuons through transition dipoles.
Experimental evidence from time-resolved IR emission studies shows that energy loss per
collision increases dramatically with the excitation energy and is proportional to the
transition dipole of the excited molecule. There appear to be thresholds in the excitation
- energy that coincide with the origins of intramolecular vibronic coupling, which enhances
the transition dipoles. The energy transfer efficiency in V-T collisions also increases with
polarizability. Furthermore, relaxation cross section, measured through kinetic quantum
beat spectroscopy, of highly excited molecules is found to be much larger than the
Lennard-Jones cross section. The long-range interactions become important at high
energies because of the relaxation of the resonance condition and the increase of transition
dipole, all resulted from strong intramolecular coupling and high level density.

In a new development, an approach for detecting the vibrational spectrum of
transient species is demonstrated on the vinyl radical. Photodissociation of carefully
chosen precursors at selected photolysis wavelengths produces highly vibrationally excited
radicals. IR emission from these radicals is then measured by time-resolved Fourier
Transform Spectroscopy with nanosecond time resolution. All 9 vibrational bands of the
vinyl radical, generated from 4 different precursors, are obtained and reported here for the
first time.

II. Transient Species Vibrational Spectroscopy through Time-Resolved
Fourier Transform IR Emission

Vibrational spectroscopy of radicals, because of their unstable and transient nature
and because they may generally be produced only in small quantities, is usually
challenging. A variety of experimental techniques have been devised to utilize the generally
stronger electronic transitions. The radical species are usually generated by a photolysis
light pulse and excited to an electronically excited state through a second light pulse. The
downward transitions are then measured either through fluorescence dispersion or through
stimulated emission to give the vibrational levels in the electronic ground state. These
approaches rely on the existence of a stable excited state accessible by available laser
wavelengths. The vibrational levels can of course be probed directly by high sensitivity
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absorption techniques based on IR lasers. Such direct absorption techniques are most
effective for high-resolution spectroscopy if it is known a priori where to scan the narrow
line width IR lasers to search for the rovibrational transitions.

Information on IR active modes can in principle be acquired through emission
spectroscopy provided the radicals are produced with excess vibrational energy. Time-
Resolved Fourier Transform Emission Spectroscopy (TR FTES) has proven to be a viable
method for resolving the emission spectra in calibrated absolute frequencies over a wide
frequency range with sufficient frequency and time resolution. Within the past year we
have demonstrated an approach which applies TR FTES to disperse the IR emission of
radicals produced in their electronic ground state but with vibrational excitation. This
approach is particularly useful for detcctmg prev1ously unknown vibrational modes of a

radical.

The radical species is generated through photodissociation of selected precursor
~molecules. The precursor and photolysis wavelength are chosen such that, due to the
exothermicity of the reaction, the radical is produced with excess vibrational energy. Time
resolution allows observation of the nascent emission, as well as evolution of the emission
features in time to ensure the assignment of the spectral features to the radical species. A
non-reactive quenching gas is used at a pressure much higher than the precursor to promote
collision induced vibrational relaxation so the transition frequencies and intensities of the
radical can eventually be observed as close as possible to the fundamental transitions. The
spectral resolution is expected to be limited by the rotational bandwidth of the molecules, as
the molecules have a room temperature rotational state distribution. The resultant spectrum
using this approach should reveal all of the IR active modes and serve as a guide for high-
resolution studies.

II1. The Vinyl Radical
This strategy is demonstrated first on the vinyl radical (C,H,). Due in part, to its

important role in the free radical addition and polymerization of acetylene as well as in the
decomposition of ethenoid compounds, vinyl has been the subject of numerous
experimental and theoretical studies. Yet, despite the effort so far, only one electronic
ground state vibrational mode has been optically detected while spectroscopy of excited
electronic states has been more successful. This may be a result of the dissociative behavior
of the first electronic excited state that hindered vibrational spectroscopy through electronic
transitions. The only definite identification of a ground state level was performed by
Kanamori, Endo and Hirota using an IR diode laser absorption measurement in the region
of 820 - 960 cm™ of vinyl produced by photodissociation of vinyl halides.

In our experiments, the vinyl radical was produced by 193 nm photolysis of several
precursor molecules which give the common product of vinyl as well as various additional
products. The precursor molecules selected were vinyl bromide (VBr), vinyl chloride
(VCl), methyl vinyl ketone (MVK) and butadiene (BD). The dissociation reactions of all
these precursors are sufficiently exothermic to produce vinyl radical with excess internal
energy. Furthermore, at low pressures, the 193 nm dissociation quantum yield for all of
the precursor molecules is expected to be close to unity and would not produce excited
precursor molecules which may contribute to the emission spectra. The IR emission signal
was directed through the FTIR Interferometer and onto a mercury cadmium telluride gM
detector that has a 500 ns rise time and a spectral response of 700 to 8000 cm
Fourier Transform spectrometer was run in step scan mode with 50 laser shots averaged
and digitized at each mirror position of the movable mirror. The spectra were taken at 50 ns
time intervals.
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Figure 1 shows the infrared emission spectra from the photodissociation products
of VBr. Selected time slices from 0.5 to 18.5 ms following the photolysis pulse are
shown. The spectra shown have- been corrected for the detector response function. To
confirm which emission peaks are from vinyl we compare spectra from photodissociation
products generated from different precursor molecules, VBr, VCI, MVK and BD. The
peaks that are common to each of these spectra are assigned to vinyl. This data represents
the first experimental report of the entre set of 9 vibrational mode frequencies and relative

intensities.
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IV. Future Plans
We have two directions, both are related to the structure and dynamics of excited

molecules and both use the time-resolved FTIR emission approach, to move along at this
point. One is to continue the investigation of collision energy transfer dynamics of highly
vibrationally excited molecules. The present emphasis is on the energy transfer behavior of
large molecules such as pyrazine. The second direction is highlighted in this report and will
be continued with the following molecules: vinylidene, acetyl, and other small oxygen or

CN containing radicals.
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Geometric approach to multiple-time~scale kinetics
Michael J. Davis

Chemistry Division
Argonne National Laboratory
Argonne, 1L 60439

Email: davis@tcg.anl.gov .

Research in this program focuses on three interconnected areas. The first involves
the study of intramolecular dynamics, particularly of highly excited systems. The second
area involves the use of nonlinear dynamics as a tool for the study of molecular dynamics
and complex kinetics. The third area is the study of the classical/quantum correspondence
for highly excited systems, particularly systems exhibiting classical chaos.

Recent Progress

Some work was done in this period to complete an earlier project on the assignment
of highly excited vibrational eigenstates. The first 133 eigenstates were assigned, well into
the classically chaotic region of phase space. Several interesting features of highly excited
eigenstates were elucidated, including a memory effect for resonant eigenstates, which
results in different shapes and transition moments for overtone resonant eigenstates.

Several small projects were completed which demonstrate the utility of low-
dimensional manifolds in several types of kinetic systems: 1) complex chemical kinetics, 2)
nonlinear master equations for vibrational relaxation, and 3) coagulation-fragmentation
kinetics, which is useful for soot modeling, and was studied for a sample problem of micelle
kinetics. This work was done in collaboration with Rex Skodje. We were able to
demonstrate that there were low-dimensional manifolds in the nonlinear master equation and
that there was no simple exponential rate of relaxation except very close to equilibrium.
There are also low-dimensional manifolds in the micelle kinetics and this explains the well
known presence of a fast and slow relaxation in micelle kinetics. Additional progress has
been made to improve the algorithms used to generate low-dimensional manifolds and a
better understanding of the global structure of phase space for a full mechanism of the

H,/O, system has been elucidated, compared to the reduced model studied earlier.

A project on low-dimensional manifolds in partial differential equations was started.
This project is a collaboration with Tasso Kaper (Mathematics, Boston University), and
Hans Kaper and Paul Fischer (Mathematics and Computer Science, Argonne). Low-
dimensional manifolds so far have been used to reduce complex chemical kinetics, which is
described by a set of coupled, nonlinear ordinary differential equations. However, a full
modeling of combustion systems also involves fluid dynamics, which is described by a set
of coupled nonlinear partial differential equations. The focus of this project has been trying
to understand the structure of nonlinear partial differential equations. A few numerical
results have been generated, but most of the effort has been devoted to a study of the
literature. There are several approaches in the applied mathematics literature which suggest
it will be possible to generate low-dimensional manifolds for such systems in a reasonably
rigorous fashion.

A major project was undertaken to understand the geometry of the phase space for
nonlinear master equations describing association and dissociation reactions, with an
application to CHy + CHj ¢<» C,Hy. This work is being done in collaboration with Stephen
Klippenstein. In addition to this reaction an investigation of the phase space structure of the
phenomenological rate law and the Lindemann mechanism for association/dissociation has
been completed. It was demonstrated that there are one-dimensional manifolds in the
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discrete version of the master equation for the methyl recombination reaction with
dissociation. This manifold is the nonlinear analogue of the least negative eigenvector for
the linear master equation. It was demonstrated that generally the dynamics of the master
equation follows the phenomenological rate law along the manifold, but there can be
deviations in the fall-off region and at high pressure when methyl radical is not very dilute
in the Argon buffer gas (~ | = 5%), particularly at high temperatures.

It was also demonstrated in this project that rate constants could be estimated
efficiently by properly analyzing the linearization of the nonlinear master equation. This
method involves matrix diagonalization, so like the linear counterpart, allows for certain
diagnostics, based on the relative sizes of the eigenvalues. It was demonstrated how rate

constants could be obtained over a wide range of temperatures, pressures, and values of AE,
without resort to a change of methods (it is difficult to calculate dissociation rate constants
at low temperature in this reaction, and methods for directly approximating association rate
constants may break down at high temperature). Deviations from the phenomenological
rate constant were also analyzed within this framework.

The accompanying figure demonstrates some of the features of the project. In the
top panel a low-dimensional manifold is shown for the methyl/ethane master equation. The

calcuiation was done with 531 bins of width 100cm * for cthanc. The fraction of density of
reactive species in the first bin (g;) is plotted vs. the fraction of density that is methy! radical
(g4)- Equilibrium is at the open circle and p describes the density of reactive species. On

one side of the equilibrium the reaction along the manifold is dominated by dissociation (g
smaller than equilibrium) and on the other side by association. The plot demonstrates that
the manifold is linear and passes very close to (1.0, 0.0), indicating that there is no transient
behavior for the reaction with all the density started in the methyl radical. The linearity is
indicative of a Boltzmann distribution along the manifold for a fraction of the low lying
bins. '

In the middle panel the situation has changed as the total density of reactive species
is increased (dilution is ~ 5% in Argon). Here the manifold (solid line) is clearly nonlinear
and does not pass through (1.0, 0.0). Equilibrum is near (0, 0) for this case. The dashed
line shows that an initially pure mixture of methyl takes awhile to reach the manifold (~ 2.5
us). The curvature also indicates non-Boltzmann behavior along the manifold. The
combination of these effects indicate that typical estimates of the association rate constant
will fail away from equilibrium. Such a failure is further indicated in the bottom panel
where the instantaneous rate constant is estimated along the trajectory, and shown with a
solid line. The dashed line shows the asymptotic rate constant, indicating that the
instantaneous and aysmptotic rate can differ by as much as ~30%.

Future Plans

The low-dimensional manifold work will continue. An increased effort to understand and
implement low-dimensional manifolds for partial differential equations will be undertaken
with Tasso and Hans Kaper. It is anticipated that, in collaboration with John Kiefer, the
vibrational relaxation of several molecules studied by Kiefer and co-workers will be
investigated with a nonlinear master equation. A new project will be initiated to study
stochastic methods for describing nonlinear master equations and coagulation-
fragmentation kinetics in collaboration with Rex Skodje. The feasibility of incorporating
stochastic kinetics in certain types of combustion problems will be undertaken in
collaboration: with Sharath Girimaji.
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COMPREHENSIVE MECHANISMS FOR COMBUSTION CHEMISTRY:
EXPERIMENT, MODELING, AND SENSITIVITY ANALYSIS

Frederick L. Dryer
Department of Mechanical and Aerospace Engineering
Princeton University, Princeton, New Jersey 08544-5263
fldryer@princeton.edu
Grant No. DE-FG02-86ER-13503
Program Scope

The experimental aspects of our work are conducted in 10 cm-diameter flow reactors, at pressures from 0.3 to
20 atmospheres, temperatures from 500 K to 1200 K, and with observed reaction times from 107 to 2 seconds.
Measurements of stable reactant, intermediate, and product species provide a significantly constrained set of
kinetic data for elucidating mechanistic behavior and validating detailed kinetic mechanisms. The experimental
data guide the development of kinetic-mechanisms -that are utilized for deriving/testing rate: parameter selections, - -
for interpreting observations, for extending the predictive range of mechanism constructs (by comparison with
generated as well as literature data from other kinetic experiments), and to study the effects of diffusive transport
coupling on reaction behavior in pre-mixed and diffusion flames. Continuing efforts of this program are: (1)
utilizing the perturbations of the H,/O, and CO/H,0/Oxidant.reaction systems by the addition of small amounts of
other species to further clarify elementary reaction properties and refine these important kinetic mechanisms; (2)
further elucidating the reaction mechanisms for the pyrolysis and oxidation of small hydrocarbons (alkanes and
olefins) and hydrocarbon oxygenates (aldehydes, alcohols, and ethers). Below, we detail recent progress on
portions of this work.

Recent Progress

Recent progress, including summaries of published works, those in press, those in review for publication and

some of the efforts currently underway are presented below.

1. MLA. Mueller, T.J. Kim, R.A. Yetter, and F.L. Dryer, “Flow Reactor and Kinetic Modeling Studics of the
H,/O; Reaction”, Int. J. Chem. Kin., 31, 113 (1999).

Profile measurements of the Hy/O; reaction have been obtained using a variable pressure flow reactor over
pressure and temperature ranges of 0.3 to 15.7 atm and 850 to 1040 K, respectively. These data span the explosion
limit behavior of the system and place significant emphasis on HO, and H,0, kinetics. The explosion limits of
dilute Hp/Oy/N; mixtures extend to higher pressures and temperatures than those previously observed for undiluted
H,/O, mixtures. In addition, the explosion limit data exhibit a marked transition to an extended second limit,
which runs parallel to the second limit criteria calculated by assuming HO, formation to be terminating. The
experimental data and modeling results show that the extended second limit remains an important boundary in
H,/O, kinetics. Near this limit, small increases in pressure can result in more than a two order of magnitude
reduction in reaction rate. At conditions above the extended second limit, the reaction is characterized by an
overall activation energy much higher than in the chain explosive regime. ‘

The overall data set, consisting primarily of experimentally measured profiles of H,, O, H,0, and tempcmture
further expand the database used for comprehensive mechanism development for the H,/O, and CO/H,0/0,
systems. Several rate constants recommended in an earlier reaction mechanism have been modified using recently
published rate constant data for H+O(+N;) = HOp(+1N;), HO,+0OH = H,0+0,, and HO,+HO, = H;0,+0;. When
these new rate constants are incorporated into the reaction mechanism, model predictions are in very good
agreement with the experimental data.

2. MLA. Mueller, R.A. Yetter, and F.L. Dryer, "Flow Reactor Studies and Kinetic Modeling of the H,/O,
/NO, and CO/H,0/0,/NO, Reactions", Int. J. Chem. Kin., 31, 705 (1999).

Flow reactor experiments were performed over wide ranges of pressure {0.5-14.0 atm) and temperature (750-
1100 K) to study H,/O, and CO/H,0/0, kinetics in the presence of trace quantities of NO and NO,. The
promoting and inhibiting effects of NO reported previously at near atmospheric pressures extend throughout the
range of pressures explored in the present study. At conditions where the recombination reaction
H+O,(+M)=HO,(+M) is favored over the competing branching reaction, low concentrations of NO promote H, and
CO oxidation by converting HO; to OH. In high concentrations, NO can also inhibit oxidative processes by
catalyzing the recombination of radicals. The experimental data show that the overall effects of NO addition on
fuel consumption and conversion of NO to NO, depend strongly on mixture pressure and stoichiometry. The
addition of NO, was also found to promote H, and CO oxidation but only at conditions where the reacting mixture
first promoted the conversion of NO; to NO.

Experimentaily measured profiles of H,, CO, CO,, NO, NO;, O,, H,0, and temperature were used to constrain
the development of a detailed kinetic mechanism consistent with the previously studied Hy/O,, CO/H,0/0,,
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H,/NO,, and CO/H,0/N,0 systems. Model predictions generated using the reaction mechanism presented here are
in good agreement with the experimental data over the entire range of conditions explored.

3. M.A. Mueller, J.L. Gatto, T.J. Kim, R.A. Yetter, and F.L. Dryer, “Hydrogen/Nitrogen Dioxide Kinetics:
Derived Rate Data for the Reaction H,+NO, = HONO+H at 833 K”, Combust. and Flame 120, 589 (1999).

Flow reactor experiments were performed at temperatures near 833 K and pressures ranging from 1.2-5.0 atm
to study the kinetics of the H,/NO,/N, reaction. Model predictions of NO,, NO, and H,O were compared with
experimental measurements to derive rate data for the reaction H+NO, = HONO+H which are a factor of 30 lower
than the critical evaluation of Tsang and Herron (J. Phys. Chem. Ref. Data 20:609-663 (1991)), but within 12% of
the recent theoretically predicted rate expression of Park et al. (J. Phys. Chem. 102A:10099-10105 (1998)).

4. J. S. Lee, R.A. Yetter, F.L. Dryer, A.G. Tomboulides, and S. A. Orszag, “Simulation and Analysis of
Laminar Flow Reactors”, Combust. Sci. and Tech. (2000). In Press.

Laminar flow reactors are frequently used to experimentally study an isolated elementary reaction step as well
as chemical kinetic mechanisms of many coupled reactions. This classical method is effective in measuring kinetic
rate parameters when the effects of mass diffusion and wall surface reactions can be neglected or accufately -
assessed. We perform a series of two-dimensional direct numerical simulations to investigate issues related to the
operation of this classical apparatus. By utilizing a well-established gas phase kinetic mechanism for moist CO
oxidation and a commonly used sub-model for multi-component diffusive transport, we investigate a virtual
elementary kinetic experiment. In particular, we extract data from the simulations and evaluate the rate parameters
of the reaction CO+HOH — CO, + H as one would in an actual experiment. We show that under appropriate
operating conditions, the desired elementary reaction rate parameters can be recovered accurately with minimal
efforts in analyzing the experimental data. We also demonstrate that two-dimensional simulations can be useful in
refining the operating conditions of an experiment to minimize uncertainties in the determined rate parameters.
Numerical results confirm that operating conditions that differ from the classical “plug flow” condition can yield
more accurate results. Finally, we investigate laminar reactor operating conditions typical of those used in the
literature to study reacting systems of many coupled elementary reactions. Using the same CO oxidation
mechanism as an example, we show that for oxidation experiments conducted at one atmospheric pressure, the
coupling between transport and chemical kinetics results in a highly two-dimensional reacting flow field.
Interpreting these results on a one-dimensional basis can lead to significant inaccuracies in the evaluated rate
parameters.

5. H.J. Curran, S.L. Fischer, and F.L. Dryer, “A Flow Reactor Study of Dimethyl Ether. I: High
Temperature Pyrolysis and Oxidation”, Accepted for Publication, November 1999 in the Int. J. Chem. Kin.

Dimethyl ether pyrolysis was studied in a variable-pressure flow reactor (VPFR) at 2.5 atmospheres and 1118
K. A second, near-pyrolysis experiment was performed in an atmospheric-pressure flow reactor (APFR) at 1060 K.
In addition, the APFR was used to study the oxidation of dimethyl ether at an average temperature of 1086 K, with
the equivalence ratios of 0.32 to 3.4. All experiments were performed with approximately 38% nitrogen dilution.
On-line extractive sampling with FTIR, NDIR (for CO and CO,), and electrochemical (for O;) analyses were
performed to quantify species at specific locations along the axis of the turbulent flow reactors. Species
concentrations were correlated against residence time in the reactor and these species evolution profiles were
compared to the predictions of a previously published detailed kinetic mechanism. Some minor changes were made
to the model in order to simulate the present experimental data. In addition, this model is able to reproduce the
high temperature kinetic data obtained in a jet-stirred reactor (JSR).

6. HJ. Curran, S.L. Fischer, and F.L. Dryer, “A Flow Reactor Study of Dimethyl Ether. 1I: Low
Temperature Oxidation”, Accepted for Publication, January 2000 in the Int. J. Chem. Kin.

Dimethyl ether oxidation has been studied in a VPFR over an initial reactor temperature range of 550 to 850 K,
in the pressure range 12 to 18 atm, at equivalence ratios of 0.7 to 4.2, and with nitrogen diluent of approximately
98.5%. On-line extractive sampling in conjunction with FTIR, NDIR (CO and CO,), and electrochemical (for O;)
analyses were performed to quantify species at specific locations along the axis of the reactor. Product species
concentrations were correlated against residence time (at constant inlet temperature) and against temperature (at
fixed mean residence time). Formic acid was observed as a major intermediate of dimethyl ether oxidation at low
temperatures. The experimental species evolution profiles were compared to the predictions of a previously
published detailed kinetic mechanism (Curran et al., 1998). This mechanism did not predict the formation of
formic acid. In the current study we have included chemistry leading to formic acid formation (and oxidation).
This new chemistry is discussed and is able to reproduce the experimental observations with good accuracy. In
addition, this model is able to reproduce low temperature kinetic data obtained in a Jet-stlrred reactor (Dagaut et
al., 1998) and high temperature shock tube results (Pfahl et al., 1997).
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7. JJ. Scire, Jr., R.A. Yetter and F.L. Dryer, “Flow Reactor Studies of Methyl Radical Oxidation Reactions
in Methane Perturbed Moist Carbon Monoxide Oxidation at High Pressure with Model Sensitivity
Analysis”, Submitted to Int. J. Chem. Kin., March 3, 2000.

New rate constant determinations for the reactions

CH;+HO,—CH; O+0H (H
CH;+HO,—»CH,+0, (2)
: CH;+0,->CH,O+OH (3)

were made at 1000 K by fitting species profiles from high pressure flow reactor experiments on moist CO oxidation
perturbed with methane. These reactions are important steps in the intermediate temperature burnout of
hydrocarbon pollutants, especially at super-atmospheric pressure. The experiments used in the fit were selected to
minimize the uncertainty in the determinations. These uncertainties were estimated using local model sensitivity
coefficients, derived for time-shifted flow reactor experiments, along with literature uncertainties for the unfitted
rate constants. The experimental optimization procedure significantly reduced the uncertainties in each of these
rate constants over the current literature values. The new rate constants and their uncertainties were determined to
be:

k; ( at 1000 K) Uncertainty Factor Estimate

Reaction  (cm’gmol’'s™) Local Global* Global*
) ~ Lower Upper

] [.48(10)° 224 211 1.69

2 3.16(10)"? 2.89 2.84 2.76

3 2.36(10)° 4.23 3.16 2.11

*from Monte Carlo global analysis discussed in 8, below.
There are no direct and few indirect measurements of reactions 1 and 2 in the literature. There are few
measurements of reaction 3 near 1000 K. These results therefore represent an important refinement to radical
oxidation chemistry of significance to methane and higher alkane oxidation.

The model sensitivity analysis, used in the experimental design, was also used to characterize the mechanistic
dependence of the new rate constant values. Linear sensitivities of the fitted rate constants to the unfitted rate
constants were determined. The above determinations were found to depend primarily on the rate constant values
chosen for the reactions CH;+CH3+M—CyHg+M and CH,O0+HO,—HCO+H,0,. Uncertainties in the rate
constants of these two reactions are the primary contributors to the uncertainty factors reported above. Further
reductions in the uncertainties of these assigned specific rates would lead to significant reductions in the
uncertainties in the rate constants determined for ki, k;, and k3.

8. Comparison of Global and Local Sensitivity Techniques for Rate Constants Determined Using Complex
Reaction Mechanisms

A comparison of local gradient and Monte Carlo sensitivity techniques was made for rate constants determined
by fitting a complex reaction mechanism to experimental data. Local techniques, because of their computational
efficiency, have been used in various studies to show how the fitted rate constants depend on the other rate
parameters in the mechanism. The local sensitivity results can be used to select experiments to best determine rate
constants, given the uncertainties in the remaining model parameters. In addition, the analysis provides detailed
information about the mechanistic dependence of the determinations. However, this method only utilizes local,
first order sensitivities. In this study the local sensitivity technique was compared with Monte Carlo calculations of
sensitivities averaged over the full range of allowable parameter values. -Importance sampling was implemented to
make the Monte Carlo calculation tractable. The technique developed was used to examine the applicability of the
local analysis for the large uncertainties and coupled reactions typical of kinetic mechanisms. In follow-on work to
Item 7 (above), local sensitivity techniques were compared with Monte Carlo calculations of sensitivities averaged
over the full range of allowable parameter values. The “global” uncertainties for k|, ks, and k; that resulted are
reported above. The rigorous uncertainty limits from the Monte Carlo calculation are narrower than those of the
local technique, especially for reaction 3. The Monte Carlo results revealed that the error in the local analysis
results primarily from strong higher order sensitivities and show that the rate constant distributions are skewed
toward lower rate constant values. The local uncertainty estimates appear to be of sufficient accuracy for
experimental design, but are subject to error when the local linear sensitivities vary significantly from the globally
fit linear model. Techniques for improving the efficiency of the giobal method are also under investigation.
9. The Oxidation of Methyl Formate in a Flow Reactor at 3 atm: Experiments and Modeling

Methyl formate and dimethy! ether are formed as intermediates in the oxidation of dimethoxymethane (DMM),
an oxygenate under consideration as an alternative fuel for diesel applications. The reaction kinetics of methyl
formate were studied in a variable-pressure flow reactor at 3 atm. Experiments were performed under highly dilute
conditions of 0.5% fuel with the equivalence ratio (¢) varying from 0.5 < ¢ < 1.6 at 900 K. On-line, continuous
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extractive sampling, in conjunction with FTIR, NDIR (CO and CO,), and electrochemical (O,) analyses were
performed to quantify species at specific locations along the axis of the turbulent flow reactor. Species
concentrations were correlated against residence time in the reactor and these profiles were compared to a detailed
kinetic mechanism. 1t was found that the fuel mainly undergoes a three-centered unimolecular elimination reaction
to yield methanol and carbon monoxide directly. Overall, good agreement was obtained between the experimental
results and the detailed kinetic mechanism, except for intermediate concentrations of methanol. Experimental
studies over a wider range of conditions and modeling efforts in collaboration with Dr. H.J. Curran are continuing.

10.Oxidation and Pyrolysis Study of Ethanol.

Literature data on the oxidation of ethanol is restricted to observations near atmospheric pressure, and there are
few data on the pyrolysis of ethanol at temperatures accessible in flow reactors. Our earlier studies of oxidation
(Norton and Dryer, Int. J. Chem. Kin., 24:319, 1992) were performed using gas chromatography to determine
intermediate reaction species; as a result, formaldehyde and water, important ethanol oxidation intermediates, were
not quantified. Additional studies have been performed in the same atmospheric pressure. flow reactor (APFR)
utilized by Norton and Dryer, but using on-line chemical analysis based upon Fourier Transform Infrared (FTIR)
detection. Oxidation data are in good agreement with earlier measurements, but with improved uncertainties.
Additional oxidation studies over a range. of pressures (1-15 atm) and temperatures (550-1100 K) are underway in
a variable pressure flow reactor (VPFR).

Recent modeling efforts reported by Marinov (Inr. J. Chem Km 31:183, 1999) suggest that ethanol
decomposition contributes significantly to the destruction of ethanol, even under oxidative conditions at the
temperatures of our investigations. Marinov predicts that the most important decomposition channel at these
temperatures and atmospheric pressure is that forming C,H, and H,O. However, there are no pyrolysis data or
measurements of the various ethanol decomposition channels at flow reactor temperatures presently appearing in
the literature. Initial “oxidative” pyrolysis experiments in the APFR (T; = 1089 X, P = latm, and C;HsOH; =
0.545%, background O, = 0.03%), show significant pyrolysis at these conditions. While the Marinov model
predicts a reasonable rate of ethanol destruction in comparison to the experiments, the product distribution,
particularly those for C;H, and H,0 are in disagreement with the experiment. Further experimental efforts are
planned to isolate the specific decomposition channel contributions using radical trapping techniques similar to
those applied in shock tube studies.

The additional pyrolysis and oxidation data will be used to further refine understanding and validate
comprehensive mechanisms for ethanol pyrolysis and oxidation.

Plans

Reaction systems of present interest over the coming year, in addition to those discussed above, include the
pyrolyses and oxidations of formaldehyde, acetaldehyde, methyl formate, dimethoxy methane, ethylene, and
ethanol.

Publications, 1998 - Present

1. J.). Scire, Jr., F.L. Dryer, and R.A. Yetter, “Flow Reactor Studies of Methy! Radical Oxidation Reactxons in
Methane Perturbed Moist Carbon Monoxide Oxidation at l-hgh Pressure with Model Sensitivity Analysis”,
Submitted to Int. J. Chem. Kin., March, 2000.

2. H.). Cuman, S.L. Fischer, and F.L. Dryer, “A Flow Reactor Study of Dimethyl Ether. 1. High Temperature
Pyrolysis and Oxidation”, Accepted for Publication, November 1999 in the Int. J. Chem. Kin.

3. H.J). Curran, S.L. Fischer, and F.L. Dryer, “A Flow Reactor Study of Dimethyl Ether. lI: Low Temperature
Oxidation”, Accepted for Publication, January 2000 in the Int. J. Chem. Kin.

4. J.S.Lee, R.A. Yetter, F.L. Dryer, A.G. Tomboulides, and S. A. Orszag, “Simulation and Analysis of Laminar
Flow Reactors”, Combust. Sci. and Tech. (2000). In Press.

5. M.A. Mueller, J.L. Gatto, T.J. Kim, R.A. Yetter, and F.L. Dryer, “Hydrogen/Nitrogen Dioxide Kinetics:
Derived Rate Data for the Reaction Hy+NO, = HONO+H at 833 K”, Combust. and Flame 120, 589 (1999).

6. Mueller, M.A,, Kim, T.J., Yetter, R.A., and Dryer, F.L. (1999). “Flow Reactor and Kinetic Modeling Studies
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8. M. A. Mueller, R.A. Yetter, and F.L. Dryer, “Measurement of the Rate Constant of H+O;+M=HO;+M (M=N,,
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LASER PHOTOELECTRON SPECTROSCOPY OF IONS

G. Barney Ellison
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Peroxyl Radicals

Following our photoelectron study of the peroxyl radicals, HO, and (CHs);CO,, [J.
- Chem. Phys. 109, 10293-10310 (1998)] we*have found two applications 'of:.organic
peroxy! radicals in atmospheric chemistry. The first paper is a general model of organic
aerosols which establishes that reactions of radicals with hydrocarbon films are an
important process in cloud nucleation. [J. Geophys. Res., 104, 11633-11643 (1999).] Our
model is very general and will apply to most organic aerosols. In particular it will describe
the organic aerosols that are produced by internal combustion engines. These aerosols are
believed to be responsible for roughly 20% of all continental aerosols [Jacobson et al,
Rev. Geophys. (in press, 2000)].

Near IR photochemistry (o = 1 eV) of simple organic peroxyl radicals, such as
CH;0,, may be responsible for the release of OH and CH,O into the atmosphere at
sunrise. [J. Phys. Chem. A, 103, 10169-10178 (1999)]

Molecular Resonances and Organic Nitrenes

We have observed the negative ion photoelectron spectrum of the methylnitrene

ion, CH’_;N_, and we have measured the electron affinity of methylnitrene, £A(CH;N) =
0.022 £ 0.009 eV. In addition to detaching the methylnitrene anion to the ground state of

CH:N(X *A,), we also detect the first electronically excited state of methylnitrene, & 'E.

We measure the singlet/triplet splitting to be AE(3 'E — X *A;) =1.352+ 0.011 eV. The
photoelectron spectrum of CH;N 4 'E contains relatively sharp vibronic structure. Unlike
the spectra from H,CC", the photoelectron spectra for CH;N™ show no evidence for a
barrier separating the rearrangement of singlet methylnitrene to methyleneimine: '[CH;N]
— CHz=NH. [J. Chem. Phys. 111, 5349-5360 (1999)]

The dynamical nature of '[CH;N] has been studied computationally. In J. Chem. Phys.
111, 5349-5360 (1999) we analyzed our experimental CH;N" spectra and concluded that 3
'E CH:N is a “resonance” and is not a bound species. Extensive ab initio electronic
structure calculations find, in contrast, that this species is bound by roughly 500 cm™. [J.
Am. Chem. Soc. 122, 122-124 (2000)] '

Electron Affinities of Oxides of Carbon

Over the last year conversations with Prof. H.F. Schaefer III suggested that an
earlier set of £A measurements of ours were incorrect. We collaborated with Schaefer’s
group and have revised our experimental findings. We conclude that £A(C;0) = 0.93 +
0.10 eV and E4(C40) =2.99 £ 0.10 eV. [J. Phys. Chem. A 104, 2273-2280 (2000)]
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This Year’s Planned Experiments

We have extensive photoelectron spectra of the [HCCN] ™, [DCCN]™, [HCNC] ™, and
[DCNC]™ ions. Photodetachment of the [HCCN]™ ion, m/z 39, reveals a pair of

electronic states of the HCCN diradical which are labeled X *A” and a 'A’ HCCN.
Our photoelectron spectra reveal: AE(a 'A” « X *A”) > 0.512 eV. Detachment of

HCCN— X 2A” leads to EACHCCN X *A”) < 2.005 + 0.011 eV. We have also
observed the isocyanomethylene, HCNC, as well. Methylisocyanide reacts with oxide

anion to afford us the. desired ion: [O]_ + CH;NC — [HCNC]..© + HO.
Detachment of HCNC™ X ?A” leads to EA(HCNC X 3A”)=1.879 £ 0.013 eV and

AE(a T X A”) <0.14 eV. Our spectra suggest that both the HCCN and HCNC
carbenes are quasilinear species.

In collaboration with W.C. Lineberger, M. Okmurua, and V.M. Bierbaum; we have
produced and detached beams of CH3;0, and CD3;O; . Extension of our chemistry to
include CH;CH,0,  seems straightforward.

We have studied both the {NCN, HNCN} and {CNN, HCN,} radicals earlier. This
coming year we will attempt to generate the diaziryl anion, c-HCN,, from diazirine, c-

CHNo,.

In May, 2000 we will finish a collaboration with H. F. Schaefer’s group to pubhsh a
review article (in Chemical Reviews) that discusses all computational methods to
calculate electron affinities and collects the experimental electron affinities of 1,100
different atoms and molecules that have been measured by photoelectron

spectroscopy.

Peter Chen’s hyperthermal nozzle has developed into a versatile source of organic
radicals for us. We have initiated a collaboration with B. K. Carpenter to study the
vibrational spectroscopy of several fundamental species such allyl (CH,CHCH,) and its
isomer, cyclopropyl (c-Cs;Hs). As an example of the use of this technology to study
aryl radicals, we have produced the phenyl radical, C¢Hs, by decomposition of C¢Hsl
in a hyperthermal nozzle. During the last 12 months we have used this radical source
and an FTIR to measure the vibrational spectra of phenyl in an argon matrix at 5 K. In
addition to the measurement of the fundamental frequencies {v}i.,; and IR intensities
{A} 127, we have used a polarized laser to photo-orient the C¢Hs radicals and report
the polarizations of the vibrational fundamentals. In the Figure the solid lines depict
the experimental FTIR spectrum with dots (+) marking the C¢Hs fundamentals and the
superimposed dotted lines depict the [unscaled] harmonic modes computed from a
UB3LYP/6-311G(d,p) ab initio calculation.
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Thermochemistry of Hydrocarbon Radicals:
Guided Ion Beam Studies
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Project Scope

Gas phase negative ion chemistry methods are employed to determine enthalpies of formation
of small hydrocarbon radicals that are important in combustion processes. Using guided ion beam
tandem mass spectrometry, we measure collisional threshold energies of endoergic protan transfer
and hydrogen atom transfer reactions of hydrocarbon molecules with negative reagent ions. In the
absence of reverse activation energies, the measured threshold energies for proton transfer reactions
yield the relative gas phase acidities. In an alternative methodology, competitive collision-induced
dissociation of proton-bound ion-molecule complexes provides accurate gas phase acidities relative
to a reference acid. Combined with the electron affinity of the R- radical, the gas phase acidity yields
the RH bond dissociation energy of the corresponding neutral molecule, or equivalently the enthalpy
of formation of the R- organic radical. The threshold energy for hydrogen abstraction from a
hydrocarbon molecule yields its hydrogen atom affinity relative to the reagent anion, providing the
RH bond dissociation energy directly. Electronic structure calculations are used to evaluate the
possibility of potential energy barriers or dynamical barriers along the reaction path, and as input for
RRKM model calculations.

Recent Progress

During the third year of this project, we finished work on competitive threshold collision-
induced dissociation (TCID) of proton-bound dimers of simple alcohols with alkoxide, hydroxide,
and fluoride anions. These measurements yield refined RO-H bond dissociation energies for ethanol,
iso-propy!l alcohol, and rert-butyl alcohol.! We recently reported the first experimental determination
of the bond dissociation energy of diacetylene,” HC=C-C=CH. A study’ of the endoergic hydrogen
atom abstraction reaction of S"(*P) with molecular hydrogen yielded new gas phase acidities for HS
and H,S.

Bimolecular endoergic proton transfer. Our previous work on bimolecular endoergic proton
transfer reactions of F and Cl with H,0 and small alcohols** yielded threshold energies that were
5-9 kJ/mol higher than expected from literature gas phase acidities. This implies either that there are
small reverse activation energies, which is not supported by ab initio calculations of the proton
transfer surfaces, or that the usual threshold analysis that assumes that all internal degrees of freedom
are active is inadequate. It is clear that vibrational energy of the reactants can promote reaction, but
the new results® on a larger range of proton transfer test systems suggests that the rotational energy
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does not. If we do not include the rotational energy distribution in the threshold analysis, agreement
with literature gas phase acidities is regained.

Threshold collision-induced dissociation of proton-hound complexes. Because of these
issues with threshold measurements of bimolecular proton transfer, we have developed an alternate
experimental protocol, competitive TCID of proton-bound clusters such as shown below:

ROH - F™ + Xe - RO™ + HF + Xe
- ROH +F + Xe
- The threshold behavior for the two product channels are analyzed using a RRKM model that accounts
for the energy-dependent product branching ratios.™® The difference in threshold energies between the
" two channels yields the gas phase acidity of ROH
H,0 relative to HF. A gas-phase acidity ladder is developed,
' shown in Figure 1, with multiple determinations of the
alcohol acidities and anchored at both ends, to HF and
354 H,0. With remeasured electron affinities of the RO
4814 alkoxy radicals from the Lineberger group,’ we have
MeOH derived new accurate values for the O-H bond
dissociation energies of the alcohols.' Values for iso-
gon |2 2.4 propyl alcohol and tert-butyl alcohol are slightly higher
2623 than previous values based on pyrolysis kinetics of

{i-PrOH ~Buoy |#5*2  ethers and peroxides.
L

2945 R
21:3 1623 Sulfur anion chemistry for hydrogen atom
abstraction. We have examined the endoergic hydrogen
HF atom abstraction by S anions from molecular

hydrogen,’

Figure 1. Gas-phase acidity ladder (kJ/mol) for ) §"+H,~ HS +H.
the alcohols from competitive TCID The reaction threshold energy can be related by well-

measurements. - known electron affinities to the bond dissociation
energy of HS. Our value matches previous experiments,
- with small error bars related to the uncertain role of the hydrogen rotational energy and the S (°P))
spin-orbit states in promoting the abstraction reaction. This endoergic reaction occurs at the
thermochemical threshold despite the existence of the strongly exoergic associative detachment

channel,

S +H,~H,S+e.
Our CCSD(T) calculations of the reaction potential energy surfaces® show that there is an energy
barrier for this channel, in agreement with previous experiments showing no associative detachment
reaction at thermal energies. ‘

It was hoped that hydrogen atom abstraction by S~ would be a general method for obtaining

hydrocarbon bond energies. Unfortunately, in validation experiments on small alkanes and alkenes it
was found that there are substantial reverse activation energies in some cases.'!

Bond dissociation energy of diacetylene. We produce carbon cluster ions, C, and C,H (n=
3-8), which are believed to be linear chains in this size range, with a high voltage dc discharge using
a graphite cathode, with hydrogen added in the discharge to make the C_H" ions, or with a microwave
discharge with acetylene precursor gas. The ions are thermalized in our flow tube reactor source by
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about 10° collisions with the helium and argon buffer gas mixture. We observe the endoergic proton
transfer reaction,

C,H +HCCH -~ CH,+CH,
and find a 0 K threshold energy, £, =77 + 8 kJ/mol. Usm;, ¢lectron affinities from Neumark and
coworkers,'213 this gives a lower limit for the bond dissociation energy of diacetylene, Dy(HC,—H) >
531 + 8 kJ/mol. However, ab initio calculations of the reaction path for this proton transfer reaction
show a double-well potential, which may lead to dynamic restrictions and cause the threshold energy
to be higher (and the apparent bond energy lower) than the thermodynamic value.

As a alternative measurement, we used the competitive TCID method. The proton-bound
complex of C,H with acetaldehyde was prepared in the flow tube ion source. This complex
undergoes collision-induced dissociation with xenon target gas to give the two possible proton-
transfer products:

[HC,H-CH,CHO]" + Xe - HC, + CH,CHO
- HC,H + "CH,CHO

The cross section data are shown in Figure 2. We model the competitive threshold data with RRKM
theory, which gives the product branching ratio as a function of available energy.”® Ab initio

calculations are used to determine the transition

state parameters for the two channels. In

agreement with the observed crossing of the two
5 product channels at about 0.9 eV, the lower-
energy channel to form C,H goes through a tight
transition state for dissociation and the higher-
energy channel has a loose transition state. The
threshold energy difference is obtained by a least-
squares fit of the data with the RRKM theory
model. The extracted gas phase acidity difference
between diacetylene and acetaldehyde is 18 =3
kJ/mol. Using the literature value for the gas
phase acidity of acetaldehyde'* and known
electron affinities, we obtain® Dy(HC,—H) = 539 +
12 kJ/mol, for which most of the uncertainty
comes from the acidity of acetaldehyde. This
value is the same or slightly smaller than the
well-established dissociation energy of

Figure 2. Compemlve/TClD cross sections. acetylene,'® Dy(HCC-H) = 551.2 £ 0.1 kJ/mol.
Lines show RRKM fits.

/

[HC,H:CH,CHOJ + Xe —>
10! T T T T T T 1 T

LR SLRRLLL

<
=}

T T 17T
p s enl

101

TTTTTIT

Cross section (10° 16 cm2)

ro il

©  C,H +CH,CHO

o C4H,+ CH,CHO
L L ! 1 1 i 1

0.5 1.0
Energy ey c.m.)

102

1118l

o [T

Future Plans

We are performing other proton transter and TCID measurements with difterent proton
transfer and hydrogen atom transfer reagents that hopefully will allow us to refine the bond energy of
diacetylene, and to determine both first and second CH bond dissociation energies of longer HC,,H
polyynes. We are also pursuing measurements of the kinetic energy release of products in the
hydrogen atom transfer reactions, which can provide an independent experimental means to measure
reverse activation energies. We are also collaborating with W. C. Lineberger to measure radical

electron affinities and gas phase acidities of polycyclic aromatic hydrocarbons. Preliminary

photoelectron spectra have been obtained for naphthide and corenene.
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Low Energy Ion-Molecule Reactions
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Program Scope

This project is devoted to studying the dynamics of the interactions of low energy ions -
important in combustion with small molecules and with liquid hydrocarbon surfaces. The first of
these topics is a long-standing project in our laboratory devoted to elucidating the key features of
potential energy surface topology that control chemical reactivity. The project provides detailed
information on such concepts as the utilization of specific forms of incident energy, the role of
preferred reagent geometries, and the disposal of total reaction energy into product degrees of
freedom. We employ crossed molecular beam methods under single collision conditions, at
collision energies from below one eV to several eV, to probe potential surfaces over a broad
range of distances and interaction energies. In so doing, we test and extend dynamical models
describing chemical reactivity, extending the predictive capabilities of theory in realistic systems,
including combustion. We infer intimate details about the nature of collisions leading to
chemical reaction by measuring the angular and energy distributions of the reaction products
with vibrational state resolution. We employ the crossed beam low energy mass spectrometry
methods that we have developed over the last several years. In the past year, we have made a
significant transition in the nature of this program as we have begun to apply both the methods
and concepts of gas phase dynamics to the study of interactions of low energy ions with liquid
hydrocarbon surfaces. Those experiments are now operational, and we report on preliminary
results below.

OH + D, - OH + D,
Recent Progress E,. =027 eV

Over the past year, we have completed a series of
measurements in the OH + D, system, focusing special
attention on isotope exchange and non-reactive scattering
channels. We discussed preliminary results on that work at
last year’s Contractor’s Meeting, and that work is now in
press in the Journal of Chemical Physics. One of the most
interesting results of that study is the appearance of specific
modes of energy transfer in the nonreactive scattering.
Especially at low energy, data for which are shown to the
left, we observe that the product kinetic energy
distributions for nonreactively scattered OH™ are structured
and that the structures in the lab distributions are consistent
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with the formation of OH/D, products with specific amounts of product rotational excitation.
Although there is some correlation between the product rotational states we observe and the
bending vibrational energy levels of the [OHD,] intermediate complex, theoretical work to
sharpen this interpretation is necessary.

We have begun to apply the experimental techniques that have been developed in our
laboratory over the years to the very interesting, but relatively unexplored problem of dynamics
of gas-liquid surface interactions. Although the orthodox view of the combustion of fuel
droplets' is that the actual combustion process is a homogeneous gas phase process, both the
heating phase and the fuel evaporation phase are poorly understood and require an understanding
of collision processes occurring at interfaces. Using methods developed by-Nathanson and
collaborators®, we have begun experiments in which the O" species collides with a freshly-
prepared liquid surface of the long chain hydrocarbon squalane, C;Hy,. The initial experiments,
performed at an angle of incidence of 45° with respect to the surface normal, involve
measurements of nonreactive scattering distributions, in order to assess accommodation of
kinetic energy at the droplet surface and the nature of direct collisions with surface molecules. In
the left panel of the figure shown below, we plot results of angular distribution measurements at
a fixed angle of incidence. The data show sharp, near-specular scattering, with a width that
provides information about the role thermal motion plays in roughening the surface. The right
panel shows kinetic energy distributions that reveal a very large energy transfer component to the
surface, resulting in a high degree of local heating. More than 75% of the incident kinetic energy
goes into internal degrees of freedom of the liquid. By measuring energy distributions as
function of angle, a simple kinematic analysis’ allows us to calculate the “effective surface” mass
for the interaction of O with squalane. This rudimentary calculation suggests an effective mass
of approximately 40 mass units, suggesting that the incoming ion interacts with the three methyl
groups that orient themselves at the surface of the liquid.

6f= 45° Incident

o5 *(o -84°
300 €08 (6-84°)
60°
75°
90°

liquid surface
0 02 0406 08 10

energy (eV)

1 J. Warnatz, U. Maas, and R. W. Dibble, Combustion (Springer, Berlin, 1996), pp. 205-209

2 See, for example, M. E. Saecker, S. T. Govoni, D. V. Kowalski, M. E. King, and G. M. Nathanson,
Science, 252, 1421 (1991).

3 T. K. Minton, private communication
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Future Plans

This work is just beginning to bear fruit, and we will continue a series of measurements
with O and squalane over a collision energy range from 1 eV to 10 eV, with liquid surface
temperatures varied over reasonable limits. In addition, we will examine collisions of other ions,
including OH", C*, and CH" to probe inelastic scattering and chemical reaction.
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Program Scope

Spectroscopic diagnostic methods are widely used for quantitative detection of atoms and
molecules in combustion studies and a variety of other applications. Our research involves the
development of linear and nonlinear optical diagnostics, including basic investigations of the physi-
cal and chemical phenomena underlying the techniques. Many of the relevant processes occur at
rates of 10° s™! or faster, including collisional energy transfer, photo-ionization, and predissociation.
We recently established a new laboratory equipped with subnanosecond lasers and fast (>1 GHz)
detectors to allow direct measurements of these processes. Because laser sources with the requisite
combination of spectral and temporal characteristics are not available commercially, we have devel-
oped tunable visible/uv lasers with 60-100 ps pulse durations and transform-limited linewidths.
Two widely tunable, synchronized laser systems are planned for this facility, which is open to visit-
ing researchers collaborating with CRF staff. As discussed below, the first experiments in the new
laboratory have investigated rotational energy transfer of OH in collisions with Ar, N,, O, and H;0
and electronic quenching of CO in a variety of bath gases at room temperature. Future experiments
will extend these energy-transfer studies to higher temperatures. We will also investigate the use of
picosecond lasers for minimizing the effect of the collisional environment on various optical

diagnostic methods.

Recent Progress

Our original laser system consists of an amplified, frequency-doubled, distributed-feedback
dye laser (DFDL). This source has sufficient spectral resolution (=0.15 cm’) for excitation of
individual molecular transitions, while providing pulses short enough (=100 ps) to resolve processes
occurring at atmospheric-pressure collision rates. For applications not requiring transform-limited
pulses, we have developed a novel picosecond laser based on a spectrally filtered, broadband, dye
oscillator (see Fig. 1). The oscillator and dye amplifiers are pumped by a short-pulse (115-ps fwhm)
frequency-doubled, Nd:YAG laser operating at 20 Hz. The spectrally filtered laser has excellent
passive wavelength stability and does not require active stabilization as does the DFDL. The

bandwidth at the fundamental wavelength of 690 nm was measured to be 0.7 cm™'. We obtained
pulse durations of =85 ps and pulse energies of 6 mJ. With frequency tripling using BBO crystals,
pulse energies of 0.4 mJ were obtained at 230 nm.

Two-photon excitation of CO via B—X(0,0) followed by detection of the B—A fluorescence is
being used by several groups for both point measurements and imaging of CO in flames.
Quantitative implementation of this detection scheme requires knowledge of the effective lifetime of
the excited B state, which depends on the photoionization, collisional quenching, and spontaneous
emission rates. The latter two processes are being investigated in the present work. "We have
measured the electronic quenching rate of CO B 'S* by various collision partners, including noble
gases (He, Ne, Ar, Kr, Xe) and molecular combustion species (Hz, H;O, CHs, CO,, O, Np) using
time-resolved LIF. Using the frequency-tripled output of the filtered broadband dye laser, two-
photon excitation at 230 nm from the CO ground X 'S* state to the B 'Z* state in a room-
temperature cell was performed. Blue-green fluorescence in the Angstrom bands (B 'Z*— A 'IT )

"Sandia Post-Doctoral Appointee
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was detected using a microchannel-plate photomultiplier tube (400-ps falltime) and a 1-GHz digital
oscilloscope. Fluorescence quenching rates observed for various pressures of 12 quenching gases
are plotted in Fig. 2. Quenching rate coefficients derived from these data range from 1.4 x 10° s
Torr' (Ne) to 4.2 x 10" s Torr”' (H,0). Accurate values of the radiative lifetime (22.4 ns) and the
self-quenching rate coefficient (8.1 x 10° s Torr") were obtained by modeling the nonlinear
dependence of the fluorescence lifetime on CO pressure (caused by radiation trapping of the B
Z*— X 'Z emission). :

We have begun pump/probe measurements of state-to-state RET rate constants of OH in its
ground electronic state. Using two single-mode lasers (a pulse-amplified, ring-dye laser and a
single-mode, frequency-doubled Nd:YAG laser), we prepared selected rotational levels of OH X
°[15, with A-doublet- and spin-orbit-state resolution by stimulated Raman pumping (SRP). The
ring-dye (Stokes) laser was tuned to excite rotational levels N"=1-6 in the v"=1 state via vibrational
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Q-branch transitions. Using the frequency-doubled DFDL, we detected v"=1 rotational level
populations using LIF via A-X(1,1) R,-branch transitions. Figure 3 shows LIF spectra obtained by
tuning the Stokes laser through resonance with the A-doubled Q(5) Raman transition. With a small
pump-probe delay, a LIF signal was detected when the e level was excited, seen as the indicated
peak in the uppermost spectrum. When the f level was excited, (indicated by the second arrow in
the spectrum) very little signal was seen since the R;-branch LIF probes only e-level populations.
With larger pump-probe delays, A-doublet-changing collisions moved population from the fto the e
level, causing a peak to appear at the f excitation frequency (see additional spectra). By modeling
the time-dependent populations extracted from the spectra, we determined A-doublet-changing and
population-removal rate constants for the N"=5 level in collisions with H;O. We have similarly
determined these rate constants for N'=2-4, and 6. We have also observed inelastic, state-to-state
transfer (AN"=+1, and -1 to —4) by exciting the N"'=5 level and probing levels with N"=1-6.
These results demonstrate for the first time that SRP can selectively excite a single parity
level of an OH rotational level split by A-type doubling. Since our previous work demonstrated that
A-doublet transfer is a significant RET channel (and hence contributes to pressure broadening of
OH transitions), this ability will be crucial to measuring A-resolved state-to-state energy-transfer
rates important in LIF diagnostics of OH. Several preliminary conclusions can already be drawn for
collisions of OH with H;0:
1) The state-to-state rate constants for nearly elastic (AN"=AJ"=0) A-doublet-changing
collisions are of comparable magnitude to the largest inelastic (AN"#0) rate constants.
2) The rate constant for A-doublet-changing elastic collisions decreases with increasing N''.
3) For inelastic collisions, there is generally a preference to conserve the A-doublet label,
but this propensity decreases with increasing AN".

OH in H,0/H,0, (5:1) | €
P =1 Torr, T=295K | ¥

Probe delay Fig. 3. LIF spectra recorded as the SRP
Stokes laser was tuned through a vibrational
Raman Q-branch transition of OH X *Tlsp,
. sequentially exciting the two A-doublet
/ 11 ns levels of the N"=5 rotational level (v'=1).
f‘ The LIF probe detected the population of
the A-doublet e-level after various delays
between the SRP and LIF pulses. The peak
21ns at the e excitation frequency results mainly
A . from detection of the prepared population in
e. The growth of a peak at the f excitation
frequency results from detection of e
population following A-doublet-changing
transfer from f—e. Note the indicated
vertical scale multipliers. The decline of
both peaks at large delays results from
collisional removal of population to other
rotational levels. The solid lines are fits
using Lorentzian profiles.
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Future work

Although surveys of CO quenching rates in flames have been reported,” additional data are
needed over wider temperature ranges and for individual quencher species. We will determine the
quenching rates of CO B 'E* by various collision partners by measurement of LIF decays from B 'S*
—»A'll following excitation by a picosecond laser. The experiments will be performed using a fur-
nace-heated, backscatter LIF cell at temperatures from 295 K to 1200 K. These data will be
analyzed with the aim of developing a predictive model for the quenching cross-sections. Using a
similar setup, we will also perform measurements of the effective cross section for photolyzing CO,
to produce CO that constitutes an interference to TP-LIF at 230 nm. We will incorporate the
quenching and photolysis models and an LIF rate-equation model (based on our recent results for
absorption, broadening, and photoionization cross-sections) into a comprehenswe LIF simulation
code, which will be made available to interested users. SRR

Our initial SRP experiments have demonstrated that this approach can provide quantitative
state-to-state RET rate constants for OH in the ground electronic state with full A-doublet and spin-
orbit state resolution. We plan to complete the room-temperature experiments to obtain the full
RET rate matrix for collisions with H,O. We will determine A-doublet-changing rates, A-doublet
propensities for inelastic RET, and the dependence of both on initial and final spin-orbit state. We
will investigate the validity of various RET models in the literature, which are used to interpret OH
LIF spectra obtained in flames and other combustion environments. In addition, we will extend the
SRP experiments to other bath gases relevant to combustion diagnostics (particularly N, and O;)
and to rare gases (for which theoretical calculations are available). We will later begin experiments

to measure state-to-state rates at elevated temperatures.
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Spectroscopic and Dynamical Studies of Highly Energized Small Polyatomic Molecules
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Program Definition. Our research program is centered on the development and application of experimental and
theoretical methods for studying the dynamics (Intramolecular Vibrational Redistribution and Isomerization) and
kinetics of combustion species. Our primary focus is the dynamics of acetylene at internal energies above which
acetylene-vinylidene isomerization becomes feasible.

Recent Progress
Acetylene Unimolecular Dynamics. Based on our study of the normal isotopomer, '2C,H,, two new studies of the
'3C,H, and C,HD isotopomers have been initiated. ~15 cm™ and ~7 cm™ resolution Dispersed Fluorescence (DF)
data sets for the '2C,H,, *C,H,, and C,HD isotopomers have been recorded and carefully calibrated. Since all
isotopomers share the same electronic potential surface, complementary diagnostic features of the same potential
can be mapped out by studies of different isotopomers.

New DF data sets of '2C,H; have been recorded, which cover the internal energy range from 15,000 cm™ to well
above the acetylene<»vinylidene isomerization barrier (estimated to be at ~16,000 cm™). Analysis of these data sets
has revealed that there exists a series of vibrational levels up to at least 18,000 cm™ that can be labeled with normal
mode quantum numbers. These account for only a small fraction of the states at high internal energy, but their
existence implies that IVR is highly state-specific, with some states exhibiting virtually no IVR (on a time scale
faster than ~1 ps, which corresponds to the ~7 cm™ resolution of our spectra) even when acetylene-vinylidene
, isomerization is energetically feasible. This is in accord with predictions from our effective Hamiltonian model of
DF spectra for internal energies up to 15,000 cm™.

By examining the nodal structures of eigenfunctions of the effective Hamiltonian of acetylene, we discovered a
qualitative difference between the eigenfunctions at low internal energy and those at high internal energy. As
expected, at low vibrational energy the eigenfunctions have well-defined nodal co-ordinates and can be assigned
normal mode quantum numbers. More surprising is that at high internal energy (15,000 cm™), many of the
eigenfunctions also have simple, well-defined nodal coordinates, but these nodal coordinates are qualitatively
distinct from those at low internal energy, which are organized by the normal modes. That is, the eigenfunctions
demonstrate the emergence of new types of stable vibrational

motions at high internal energy. LOCAL MODE SYSTEMS

Coupled Stretches Coupled Bends
Two specific classes of vibrational motion are demonstrated to be ‘
particularly important at high internal energy, as depicted in O\c=c
Figure 1. The first is called “local bend”, which .involves the - - e‘
bending of one hydrogen atom while the other remains co-linear A—B—A high(er) E: (counter-rotation)
with the CC bond. The second is called “counter-rotation”, in 0. o |
which the two hydrogen atoms undergo circular motions on r
opposite ends of the CC bond. Both of these motions are a natural H—C=C—H
result of a transition from normal to local mode behavior in the :
bending dynamics of acetylene that occurs near 9,000 cm”. In > (local bend)
summary, the normal mode model is a better zero-order ’ug:
representation at low enmergy, while the local mode model is - p \
superior at high energy. A—B—A —C=C—h
The collaboration with Professors Howard Taylor (USC) and fontoym. sweren) IZWE..,. {cts bend)
Christof Jung (UNAM), with the goal of exploiting quantum- modes p
classical correspondences, contributed to our understanding of the TA—B—n H—C=C—H
large-amplitude bending dynamics of acetylene. Classical  ,m eten) /
periodic orbits calculated by Jung have revealed the same {trans bend)
qualitative changes as the eigenfunction analysis. At low internal Figure 1. Comparison between the stretching
energy, the periodic orbits exhibit trans and cis bending motions; modes and bending modes.
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cm’

while in the >9,000 cm™” regime, the periodic orbits bifurcate and form new classes of periodic orbits which

correspond to local bend and counter-rotation motion.

Figure 2 provides a closer look at the minimum energy

Energetics Dynamics isomerization pathway from acetylene to vinylidene, as
20000 2 represented by the Halonen, Child, and Carter surface.
soc0. - . H, Tl.le'left panel depicts the vibrational energy along the
$ " Woo c mimmum energy isomerization path, and the right panel
10000 - odd 1 7 G represents the vibrational motion along that path. The
\ motion of each atom is depicted, and the shading of the
5000 4 e lines in the right panel matches the shading in the left,
0 2 ‘ fl - such that black represents .acetylene and .light gray
Isomerization Coordinate 2 1 o 1 2  represents vinylidene. Note that hydrogen #2 moves
_ very little during most of the isomerization motion from
Figure 2. Energetics and dynamics of the™ '* -acetylene to the transition state; -whil€ - hydrogen #1
acetylene<»vinylidene isomerization bends well past 90°. That is, the approach to the
isomerization transition state is well described as a local

bend motion.

The overall picture that emerges from Figure 2 is that, although neither pure trans nor pure cis bend motions
promote isomerization of acetylene to vinylidene, the large amplitude local bend motions, which have been
demonstrated to be highly stable at ~15,000 cm™, are essential to isomerization.

The C,HD molecule is of particular interest for the study of local mode motions. The CCH vs. CCD mass
difference causes the frans and cis normal modes to be replaced by CCD and CCH localized normal modes.
Consequently, local mode motions are expected to occur at much lower internal energy in C,HD than in the
symmetric isotopomers. In other words, the C,HD molecule is intrinsically a local mode molecule.

However, there are complications in the study of C;HD. In C;H,, the frans bending motion in the upper electronic
state is symmetric with respect to inversion; while the cis bending motion in the ground electronic state is anti-
symmetric; thus there will be no Franck-Condon allowed transitions from the trans bent clectronic state to the cis

bending vibrations in the ground electronic state (the cis
bend is Franck-Condon dark). In fact, there is only one
bright state per polyad. However, in the case of C;HD,
there will be multiple bright states in each polyad.

Figure 3 shows five DF spectra recorded from 2vs’, 4vy’,
vy’ +va’, vy +2vs” and 2vs’+ve’ of the first excited electronic
state of C,HD.

Despite the complicated appearance of the spectra, and the
practical difficulties addressed above, we were able to
assign normal mode quantum numbers to almost all peaks
observed in the 4v;’ spectrum at internal energies below
10,000 cm™. However, although most sharp features are
assignable in the 4v5” DF spectrum, some weaker peaks do
not coincide with any of the bright modes (CC stretch and
both of the bends). We believe this is due to coupling of the
CH bend with the CH stretch. This coupling is inconsistent
with the expectation that IVR in C;HD is non-existent. We
are setting up a suitable effective Hamiltonian to describe
the frequencies and relative intensities of the “dark”
transitions.

Studies of '?C,H, completed over the past year have
resolved several questions raised by previous DF
investigations. The “extra features”, which cannot be
associated with any set of polyad quantum numbers, are due
to K~changing collisions. A pressure study of the DF by
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pumping a hotband indicates that the “unexpected transitions” are pressure-induced transitions that originate from
various K in the upper state. The fact that it is pressure-dependent and that its intensity is distributed among AK=0,
tl, +2, 13 transitions, determines that this is a collisional effect rather than a spectroscopic phenomenon. Higher
quality DF spectra are being recorded to confirm our kinetic model of the K-changing process.

In principle, tunneling splittings can occur in spectra of '>C,H, whereas one member of each tunneling doublet has
zero statistical weight in '*C,H,. The size, energy positions, and mode-specificity of the tunneling splittings are
sensitive to the height and shape of the acetylene<>vinylidene barrier and to the locations of vinylidene vibrational
levels. Our first step in the study of '*C,H, has been to record high quality LIF and DF data sets. We have recorded
LIF and DF spectra from 8 different vibrational intermediate levels and have used our pattern recognition algorithms
(Extended Cross Correlation) to gain an overview of the short-time vibrational dynamics. Upon close inspection,
the dynamics in ">C,H, are noticeably simpler than the dynamics in '*C,H,. This implies a nearly complete absence
of energy flow from the bend modes of >C,H, to the stretch modes. The stretch-bend interactions in *C,H, are
“turned off” because one anharmonic interaction that is responsible for these interactions in '>C,H;, is detuned from
resonance in >C,H,. The relative simplicity of the'dynamics in *C,H, is particularly noticeable above 15,000 cm™.
This is beneficial for observing the sudden changes in the unimolecular dynamics that we expect will be related to
isomerization. We have developed a H*® model for the pure bending polyads™in *C,H, based on the DF data

obtained in the past year. The major features of the DF spectra remain unchanged up to ~18,000 cm™, indicating no -

major participation of vinylidene in the short-time dynamics (<1 ps) sampled by the relatively low-resolution DF
spectra. This is a preliminary result, higher resolution SEP spectra are required in order to probe the changes in
vibrational dynamics which would accompany the onset of isomerization.

We have also completed a preliminary search for tunneling splittings in SEP spectra of *C,H, at ~22,000 cm™. The
higher resotution and sensitivity of SEP relative to DF allow us to probe the influence of vinylidene at a much
longer timescale. Nonetheless, this preliminary search, in which we observed hundreds of eigenstates, did not reveal
any tunneling splittings, indicating that, for the states that we observed, vinylidene plays a negligible role in the
dynamics for ~100 ps. Since this experiment probed the energy region >5000 cm™ above the barrier to
isomerization, it is clear that the rate of acetylene<>vinylidene isomerization is highly mode-selective and mandates
careful selection of the intermediate state in further SEP experiments.

We have collaborated with Professors Kevin Lehmann and Giacinto Scoles at Princeton in a search for tunneling
splittings in highly excited vibrational states of C,H,. In these sub-Doppler IR-visible double resonance
experiments, acetylene was seeded in a jet expansion and then excited from the vibrationless ground state to the
(1,0,1,0",0") level with a color center laser and subsequently excited to the (2,1,3,1™",1"") level using a Ti:Sapphire
laser. The (21311) state has not been observed previously, however, using our H*® model for '*C,H,, we were able
to accurately predict the position of the (2,1,3,1”,1") state. Within the ~17 MHz resolution of these experiments, no
nuclear permutation splittings were observed.

Our collaboration with Professors John Hall and Jun Ye at JILA/NIST will allow us to investigate the (2,1,3,1*7,1")
level with much higher resolution. Previous Noise Immune Cavity Enhanced Optical Heterodyne Molecular
Spectroscopy (NICE-OHMS) studies on acetylene have demonstrated a transit time limited resolution of 400 kHz
and an integrated absorption sensitivity of 5.2x10™* @ 1s. Over the past year a double resonance NICE-OHMS
experiment has been designed to observe the nuclear permutation splittings in '’C,H,. The NICE-OHMS
spectrometer, assembled for this double resonance experiment, has been tested on the 820 nm band of water and the
noise equivalent integrated absorption sensitivity is clearly shot noise limited at 2x10"!. The use of a higher finesse
cavity, (for instance a finesse of 100,000 instead of the current finesse of 16,000) will push the sensitivity well into
the 107 regime. Ms. Silva is currently locking a tunable IR diode laser onto a rovibrational line of the (10111)
band and searching for the low-J levels in the (21311) level.

Kinetics and Spectroscopy of Combustion Free Radicals. Recently we have initiated collaboration with Professor
William H. Green (MIT, Dept. of Chemical Engineering) with the goal of investigating some reactions of free
radicals involved in combustion chemistry. The radicals are generated by flash photolysis and monitored using
ultra-sensitive absorption-based techniques. Most of the spectra of these radicals have been poorly characterized,
and some have never been observed in the gas phase. Initial survey scans and kinetic measurements are being
performed using a Herriott cell. The Herriott cell mirrors cover a broad spectral range (240-350 nm) that is well
suited for survey scans. The cell geometry also allows good overlap between the photolysis laser and the multipass
probe beam.
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Future Directions

A complete analysis of the *C,H, LIF spectra must be performed in order to understand and eventually exploit the
anharmonic perturbations observed in those spectra. We have already identified perturbations in the LIF spectra of
the 3vs” and 4v;” upper states. In addition, a global H*®, which takes into account all DF data obtained for *C,H,,
will be developed to complement the s ol modeling of the pure-bending polyads.

SEP spectra will be recorded at other energies, using our knowledge of the short-time dynamics from the DF
spectra, to identify states that might be expected to have the greatest probability of interacting with vinylidene on an
observable timescale. For instance, SEP spectra recorded via the perturber of the 3v;’ level, which we believe
exhibits local bending structure at the vibrational turning points, may reveal large tunneling splittings. Execution of
such a local bender “pluck” of Sy acetylene will induce large amplitude motions directly along the minimum energy
isomerization path and directly sample the isomerization transition state.
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Introduction and Overview

Our work involves the study of energy transfer during collisions between molecules. We
have focussed our attention on what we believe is the most important energy transfer
problem in current studies of chemical and collision dynamics: the collisional cooling of
molecules with “chemically significant” .amounts of vibrational energy. A molecule with
“chemically significant” energy is one that is sufficiently energetic to undergo chemical
reaction or bond rupture. Our efforts are aimed at determining both a qualitative and
quantitative picture of these collision processes. The qualitative picture constitutes the
“mechanism” that controls relaxation for these high energy collision events. By
mechanism we mean the quantum state resolved picture of the quenching process, which in
turn provides insight into the relative effectiveness of short and long range forces in
mediating the energy transfer. The quantitative measure of these collision events is
contained in the energy transfer probability distribution function, P(E,E’), which gives the
probabilit for transferring an amount of donor internal energy AE=E-E' during a
collision.”"* A key result of our efforts over the past few years has been the development of
a method to invert our data and obtain directly significant portions of this distribution
function. P(E,E") is the sine qua non for meaningful comparisons between experimental data
and theoretical calculations. Despite its close connection to theoretical descriptions of
energy transfer processes, this function is also of enormous practical significance since
kinetic models of unimolecular reactions employing master equation techniques require
P(E,E) as input. We have had some notable successes in determining both the qualitative,
mechanistic energy transfer picture for these high energy collision events and the
quantitative shape and magnitude of P(E,E"). These results have left a number of well posed,
unanswered questions about energy transfer for molecules with chemically significant
amounts of energy that we plan to investigate over the next year. We hope through these
experiments to improve our basic understanding of photochemical and photophysical
phenomena and to provide dynamical and mechanistic data of fundamental interest for
combustion and atmospheric reaction processes.

Our effort to understand and develop a quantum state resolved picture of the quenching of
unimolecular reactions is one aspect of the more general field of vibrational energy transfer,
the process by which molecules transfer their internal vibrational energy during collisions.
The high energy of the quenched species distinguishes the present experimental studies
from those vibrationally quantum state resolved investigations involving donors with only a
few quanta of internal vibrational energy, carried out in the 1960’s and 1970’s at the dawn
of the laser/energy transfer era. Similarly, the truly remarkable spectral resolution of the
present experiments, providing as it does deep physical insight into the quenching process
for these high energy molecules, distinguishes these investigations from most of the
unimolecular reaction quenching studies carried out from roughly 1925 through 1990.

Experimental Approach

Our success in obtaining new levels of understanding about these high energy collision
events has been based on the use of infrared diode lasers to probe the post collision
quantum state population distributions of one of the collision partners."'*'* The application
of infrared diode lasers to study time-dependent dynamic events was developed in our
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laboratory under D.O.E. sponsorship. The technique as applied to studies of dynamic
molecular processes is by now well established. In brief, in the experimental approach that
we are using to study these energy transfer processes, substrates (S) of essentially arbitrary
complexity are produced with high energy by laser pumping methods. The collision
processes that relax these highly excited S* molecules are investigated by probing the
quantum states of the bath molecules B' produced by the interaction between S* and B. By
using relatively simple bath molecules and sophisticated laser probe methods to follow the
quantum states of B, the nature of the mechanism for energy loss by S* can be "seen"
through the behavior of the (small) energy acceptor molecule, B. To fully analyze the
deactivation process for such highly vibrationally excited molecules as S*, however, the
level of excitation, rotational profiles and translational recoils of different vibrational modes
of the bath acceptor B are required. Furthermore, the amount of energy-transferred to the

rotational and translational degrees of freedom of the ground (vibrationless) state of the
bath molecules is also of interest. Our technique is capable of supplying all of this
extremely valuable information.

Results
Probing Angular Momentum Constraints

There are two kinds of angular momentum constraints for which we have tantalizing
evidence in our experiments to date. These include constraints for both impulsive collisions

and constraints for soft collisions mediated by long range forces.

For impulsive collisions we find a direct, linear correlation between the velocity recoil of a
CO, bath molecule and its rotational angular momentum quantum number for collisions
with highly excited pyrazine or methyl pyrazine having 5 eV of internal vibrational energy.
Such behavior can be understood if the velocity recoil and angular momentum imparted to
the bath molecule arise predominantly from an impact along the length of the CO, molecule
at some distance b from the center of mass (the C atom). The impact in this case, of course,
comes from one of the vibrating atoms on the highly excited donor molecule. Although
there are a number of possible values for b, its maximum is set by the dimension of the
molecule to be the distance from the center of mass to the end of the molecule, or roughly
the CO bond distance for collisions of CO, with pyrazine and methyl pyrazme For CO,

this leads to observed final rotational states of the ground vibrationless state (00°0; J) with J
values as high as 80 when the mean thermal J is roughly 22 (a maximum AJ of about 60)!
Larger AJ values would require either harder hits or a “longer” - molecule (larger distance
from the center of mass to the end of the molecule).

The above simple concepts can be tested by a number of straightforward experiments. For
example, CO is a molecule where the center of mass is about half way between the C and O
atoms so that the maximum impact length, b, is about half the length of the C=0 triple bond
[(1/2)1.128 A = 0.6A]. This is slightly less than half the maximum b for the CO, molecule,

which is roughly equal to the length of a C=O double bond [.23 A]. We have performed
experiments to study this kind of process that can be described by the following equations:

C,N,H, + hv (248 nm) — C,N,H,® [Excitation]
C,N,H,® + CO (v=0;J’,V’) » C,N,HE*® + CO (v=0;1,V) [Quench]

CO(v=0; J V)+hv (4.8um) — CO(v=1;J%1,V)[Diode Laser Probing]
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In the first step, pyrazine (C,N,H,) is excited by a pulsed laser to an electronically excited
state from which it rapidly intersystem crosses/internally converts to ground electronic state,
highly vibrationally excited pyrazine {C,N,H,®} with roughly 5 eV of vibrational energy.
In the second step a collision of this species with ground state CO distributed in a number
of thermally occupied rotational levels, J’, produces rotationally excited CO in the v=0 level
with angular momentum J and velocity recoil V. Given the above impact parameter
arguments, we expect the maximum J observed for CO(v=0, J) to be about 40 since the
mean initial J is about 10 at room temperature, and the upper limit of AJ should, therefore,
be around (0.6/1.23)60=29, where 60 is approximately the maximum AJ observed for the
CO, case. 0.6 A and 1.23 A are, respectively, the maximum impact length, b, for CO and
CO,. We have already obtained preliminary results for this system that suggest this simple
picture is qualitatively correct, but complete rotational state profiles as a function of
temperature are needed to asses the accuracy of these early results.” It should also be
possible to test these concepts further by studying the maximum angular momentum
produced in the bath molecule as a function of the excitation energy of the donor molecule.
. Higher energies correspond to larger amplitude motion for the atoms in the donor and
hence a harder hit on the bath acceptor molecule. Pyrazine and methyl pyrazine have
relatively broad absorption bands allowing studies at a number of different initial excitation

energies, E.
Present and Future Experimental Program

Experimental laser studies of a series of interconnected bimolecular quenching processes
are planned or in progress to study high energy collisions of large donor molecules with
small bath molecules. The high resolution, high speed infrared diode laser probe technique
will be used to determine final vibrational, rotational, .and translational energy distributions
for bath product species formed as the result of a collision event. In particular quantum
state and velocity distributions will be determined for carbon monoxide, acetylene, and
hydrogen halide molecules recoiling from high energy donor molecules such as 1-
phenylpyrrole, pyrazine and methylpyrazine containing chemically significant amounts of
vibrational energy (4-6 eV). In these experiments special emphasis will be placed on
determining the nature and importance of angular momentum constraints that limit the total
energy transfer in such collisions. These studies are expected to provide information about
the impact parameter dependence of the mechanism for quenching unimolecular chemical
reactions. In addition the quantitative shape and magnitude of the energy transfer
distribution function, P(E.,E"), will be extracted from these experiments, extending our
recently successful initial efforts"'*'* to obtain this distribution directly from laboratory
data. Model trajectory calculations will be performed to determine the dependence of the
shape and magnitude of the energy transfer distribution function, P(E,E"), on initial collision
excitation energy, E, on angular momentum, and on the initial quantum state of the bath

molecule.
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Quantitative Imaging Diagnostics for Reacting Flows

Jonathan H. Frank and Phillip H. Paul
Combustion Research Facility
Sandia National Laboratories, MS 9051
Livermore, CA 94551
jhfrank@ca.sandia.gov

Program Scope

The primary objective of this project is the development and application of laser-based imaging
diagnostics for studying reacting flows. Imaging diagnostics provide temporally and spatially
resolved measurements of species, temperature, and.velocity distributions over a wide.range of
length scales. Multi-dimensional measurements are necessary to determine spatial correlations,
scalar and velocity gradients, flame orientation, curvature, and connectivity. Our current efforts
focus on planar laser-induced fluorescence (PLIF) techniques for probing the detailed structure
of isolated flow-flame interactions. These basic interactions are of fundamental importance in
understanding the coupling between turbulence and chemistry in turbulent flames. These studies
have required the development of a new suite of imaging diagnostics, to measure key species in
the hydrocarbon-chemistry mechanism as well as to image rates of reaction.

Recent Progress

Recent research has continued to emphasize the development of novel PLIF diagnostics for
probing the detailed structure of reaction zones during flow-flame interactions. The coupling of
measurements with simulations remains an essential element of this program. Research
activities have included the following: 1) An initial demonstration of simultaneous OH/CO PLIF
for reaction-rate imaging. ii) An initial study of a new imaging diagnostic for CH3O to provide
insight into carbon conversion through low-temperature oxidation pathways. iii) Measurements
and modeling of quenching processes in CH,O and CO for improving the quantitative
interpretation of PLIF signals from these molecules.

Reaction-rate imaging An initial demonstration of joint CO/OH PLIF imaging shows promise

for measuring the forward reaction rate of the reaction CO+OH = CO; + H. This reaction
represents the primary pathway for the formation of CO, in a methane-air flame. The forward
rate can be written R, = ngyncok,(T), where n is molecular number density, and the forward

—E/RT

rate constant is k(T e< T"e , where T is temperature and E is the activation energy. The

basic concept of the diagnostic involves using the product of simultaneous OH and CO PLIF
measurements to obtain a signal that is proportional to R, The product of LIF signals from OH
and CO can be approximated by S ;S o o nouco (8o (T)€co(T)) , Where the temperature
dependence of the LIF signals is represented by g(T). The exact functional dependence of
g(T) depends on the particular transition(s) employed, the spectral characteristics of the
detection system, and the temperature dependence of the quenching cross section. For reaction-
rate imaging, the strategy is to select pump/detection schemes such that g, (T)g o (T) o< k ().
The temperature dependence of OH LIF is well characterized, and thus g, (T) is known for a

given pump/detection scheme. However, the temperature dependence of two-photon CO LIF is
not well understood and is a current limitation to this technique. In our initial investigation,
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8o (T) was estimated using key observations from published data combined with experimental

results of R. Farrow. Estimates using laminar flame calculations indicate that it is possible to
choose a combination of pump/detection schemes for CO and OH PLIF such that

8on(T)8co(T) = k,(T).

C>* imaging In performing CO imaging, Swan-band emission from laser-created C,* presents
a significant fluorescence interference. This is a known interferent traditionally attributed to
photolysis of acetylene. To obtain quantitative CO results, it is necessary to take additional
images of this emission to correct the CO images. These background LIF correction images are
in fact of relatively high signal and quality. Dispersed LIF spectra of the laser-induced C;*
produced in a methane-air flame showed emission only from the first few vibrational levels of
the d-triplet. This observation, combinéd with a consideration of the energies involved appears
to preclude acetylene as the source (requiring three-photon excitation that would show emission
from higher states of C;* as well as from CH*). Of the other potential sources in the flame only
vinyl radical satisfied both the issues of energy vs. emitting states and spatial location. The
likely mechanism is a near-resonant 141 photon process through a state that predissociates to
excited vinylidene. This suggests that it may be possible to obtain single-pulse PLIF images of
vinyl radical that would offer unique information as to the flux of carbon through C) pathways.
Efforts are underway to confirm this mechanism.

Planar LIF imaging of polyatomic species To quantify PLIF images requires knowledge of the
temperature and collisional bath dependencies inherent in the LIF signal. In PLIF, the objective
is to select an excitation/detection strategy to minimize these effects. For polyatomic species,
these issues are significant considerations in image interpretation. However, if these
dependencies are known, then direct comparisons to model results can be made by mapping the
model results into LIF signal. A significant effort in the laboratory has been directed at
measurement and modeling of collisional quenching cross-sections. Experimental studies of
dispersed CH,O LIF spectra at 300K and under flame conditions were recorded and analyzed to
better understand the relative effects of excited state VET and collisional quenching, and to
obtain rate coefficient data. These data were used to construct a more accurate mode! of the

CH,O LIF signal.

Methoxy-radical imaging Diagnostic development efforts have included an initial investigation

of a new PLIF imaging diagnostic for CH;O. Data on methoxy provide unique insight into

carbon conversion through low-temperature oxidation pathways. The technique has been applied

to imaging in both methane- and dimethylether-air flames. PLIF images taken in a steady
laminar methane-air flame show significant differences between measurement and model

regarding both methoxy concentration and spatial profile.

New Laboratory Construction Completed The new Advanced Imaging Laboratory in CRF
Phase I was completed during the past year. This laboratory represents the state-of-the-art in
imaging diagnostics capabilities. A broad range of laser diagnostics can now be implemented
using a variety of lasers, including Nd:YAG-pumped optical parametric oscillators (OPO),
excimer-pumped dye laser systems, and an injection-seeded excimer. laser. Multiple UV-
sensitive image intensified CCD cameras are available for image acquisition. Combinations of
lasers and detectors can be used at three test stations, which accommodate a wide range of
burners and flow configurations. The new facility provides increased opportunities for visitor
interactions.
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Future Plans

In the near term, we will continue to expand our studies of flow-flame interactions in highly
reproducible, building-block flames using novel laser-based imaging diagnostics. The longer-
term goals are to use imaging diagnostics to apply our understanding of these building-block
flames to turbulent flow-flame interactions. In all of these endeavors, we will strive to couple
our experimental measurements with simulation and modeling efforts.

Diagnostics Development We plan to continue the development of diagnostics that provide
imaging measurements of reaction-rates and heat-release rates. Further studies using HCO,
CH,0/0OH, and CO/OH measurements are planned in reproducible flow-flame interactions. In
addition, we plan to investigate techniques for instantaneous images of reaction rates in turbulent
flames. e ) . ) -
The quantitative interpretation of CO PLIF images is limited in part by a lack of knowledge
about quenching processes. To provide more quantitative CO imaging measurements, we plan to
investigate the species-specific temperature dependence of CO quenching in collaboration with
R. Farrow.

Plans are underway to extend a multi-year collaborative effort between Yale University, The
University of Sydney, and Sandia to develop techniques for mixture fraction imaging. The
primary motivation for developing such a diagnostic is to provide information on flame structure
and scalar dissipation, which is determined from the gradient of the mixture fraction. While
considerable progress has been made in developing schemes for obtaining images of mixture
fraction in both H; and CH,4 flames, there remain challenges that need to be addressed for further
use of these techniques. We plan to continue pursuing a mixture fraction imaging technique that
can be verified with the line Raman/Rayleigh/LIF measurements performed with R. Barlow in
Sandia’s Turbulent Combustion Laboratory. One of our goals is to obtain mixture fraction
imaging measurements in the series of flames being used for model validation in the Turbulent
Non-premixed Flame (TNF) Workshop. A comparison of these measurements with large eddy
simulations (LES) could provide guidance in developing subgrid scale models. Experiments will
be performed in collaboration with M. Long of Yale University.

Flame-Vortex Interactions  Further studies on flame-vortex interactions will extend the range
of operating conditions to examine the effects of N, dilution levels as well as vortex size and
speed. ‘Additional measurements will include joint CO/OH PLIF imaging, and particle-imaging
velocimetry. Experiments will continue to be coupled with numerical simulations by H. Najm.

Effects of Transient Strain  The combined effect of unsteady strain and curvature complicates
our efforts to resolve discrepancies between computations and experiments of flame-vortex
interactions. To isolate the effect of transient strain, we plan to perform a series of
measurements in a pulsed opposed flow burner.

Triple Flames Our efforts to understand fundamental flame structures and their interaction with
unsteady flows will include an investigation of triple flames. Triple flames occur when a flame
propagates through a fuel-concentration gradient, and they may play an important role in the
stabilization of non-premixed and partially premixed lifted flames. In collaboration with R.
Schefer, we will conduct a detailed investigation of triple flames using a laminar triple-flame
burner. We plan to implement reaction-rate and heat-release rate diagnostics in this laminar
triple-flame burner. These experiments may help to define an observable signature for a triple-
flame that could be used to identify their presence and structure in turbulent flames.
Experimental investigations will be coupled with numerical simulations by J. Chen and H. Najm.
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MECHANISM AND DETAILED MODELING OF SOOT FORMATION

Principal Investigator:Michael Frenklach

Department of Mechanical Engineering
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Phone: (510) 643-1676; E-mail: myf@me.berkeley.edu

Project Scope: Soot formation is one of the key environmental problems associated. with
operation of practical combustion devices. Mechanistic understanding of the phenomenon has
significantly advanced in recent years, shifting the focus of discussion from :conceptual
possibilities to specifics of reaction kinetics. However, along with the success of initial models
comes realization of their shortcomings. The project focuses on fundamental aspects of physical
and chemical phenomena critical to the development of predictive models of soot formation in
combustion of hydrocarbon fuels, as well as on the computational techniques for development of
predictive reaction models and their economical application to CFD simulations. The work
includes theoretical and numerical studies of gas-phase chemistry of gaseous soot particle
precursors, soot particle surface processes, particle aggregation into fractal objects, and
development of economical numerical approaches to reaction kinetics.

Recent Progress:

Scaling and Efficiency of PRISM in Adaptive Simulations of Turbulent Premixed Flames (with
J. B. Bell, N. I. Brown, M. S. Day, J. F. Grcar, R. M. Propp, and S. R. Tonse). '

The dominant computational cost in modeling turbulent combustion phenomena numerically
with high fidelity chemical mechanisms is the time required to solve the ordinary differential
equations associated with chemical kinetics. One approach to reducing that computational cost
is to develop an inexpensive surrogate model that accurately represents evolution of chemical
kinetics. One such approach, PRISM (Piecewise Reusable Implementation of the Solution
Mapping), develops a polynomial representation of the chemistry evolution in a local region of
chemical composition space. This representation is then stored for later use. As the computation
proceeds, the chemistry evolution for other points within the same region are computed by
evaluating these polynomials instead of calling an ordinary differential equation solver. If initial
data for advancing the chemistry is encountered that is not in any region for which a polynomial
is defined, the methodology dynamically samples that region and constructs a new representation
for that region. The utility of this approach is determined by the size of the regions over which
the representation provides a good approximation to the kinetics and the number of these regions
that are necessary to model the subset of composition space that is active during a simulation. In
the present study, we tested further the PRISM methodology by applying it to simulations of
tow-dimensional turbulent premixed hydrogen flames. We considered a range of turbulent
intensities ranging from weak turbulence that has little effect on the flame to strong turbulence
that tears pockets of burning fluid from the main flame. For each case, we explored a range of
sizes for the local regions and determine the scaling behavior as a function of region size and
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turbulent intensity. The results indicate that the range of chemical compositions is restricted to a
low-dimensional subset of chemical compositions (a 2- to 3-dimensional manifold) and that the
_region can be effectively represented by a modest number of hypercubes. Conservative choice
of hypercube size allows high-fidelity simulation with more than an order of magnitude
reduction in computational cost.

Ab Initio Study Of Naphthalene Formation By Addition Of Vinylacetylene To Phenyl (with
N. W. Moriarty) '

Reaction pathways leading to the formation of naphthalene by the addition of vinylacetylene to

‘pheny! were examined using density functional theory B3-LYP functionals with the standard
triple-zeta basis set, 6-311G(d,p). The chemicélIy-activated reaction dynamics were examined
employing time-dependent solution of master equations. The addition of phenyl to the triple
bond of vinylacetylene was computed to be relatively slow, due to a substantial energy barrier of
the intermediate double-bond rotation. Addition of phenyl to the other end of a vinylacetylene
molecule produced more favorable results. Yet, the most promising pathway appeared to be the
.two-step reaction sequence via the formation of a phenyl-butatriene molecule. The reaction rate
evaluated for this pathway is very close to the value tested in prior flame simulations that
demonstrated a dominant character of such a step for naphthalene formation. This indicates that
the formation of naphthalene from phenyl and vinylacetylene may play a significant role in flame
modeling of aromatic growth, and that the more favorable mechanism of the reaction may be a
two-step sequence via the formation of a stable molecular intermediate rather than a “single”
chemically-activated path. The time-dependent solution of master equations revealed that at
flame conditions typical of aromatic growth the reaction system does not reach a steady state on
a time of scale of 1 ms, suggesting that dynamics of energy redistribution in such “elementary”
reaction systems may need to be treated with inclusion of bimolecular reactions between
energized adducts and gaseous partners.

Propargyl Radical: An Electron Localization Function Study (with X. Krokidis, N. W. Moriarty,
and W. A. Lester, Jr.)

Bonding in the C3H; radical has been determined using the topological analysis of the electron
localization function (ELF) calculated with various wavefunctions (HF, LSDA, MP2, CASSCF,
QCISD, BLYP, B3LYP). Not only is ELF independent of quantum chemical approximation, but
also produced topologically equivalent molecular partitions. The ELF partition of space into
localization domains provides an objective characterization of bonding in Cs;H;, supporting a
resonance description of almost equal contributions of propargyl and allenyl forms. Moreover, it
explains the reported difference between the frequencies of the in-plane and out-of-plane
bending modes (£C;C3)Hs)) arising from the topology of the C(5,C(3, bonding region.

On Unimolecular Decomposition of Phenyl Radical (with H.- Wang, A. Laskin, and
N. W. Moriarty)

The unimolecular decomposition of the phenyl radical leading to ortho-benzyne formation and
the concerted decomposition of ortho-benzyne yielding acetylene and diacetylene were examined
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by ab initio quantum chemical calculations using the Complete Active Space Self-Consistent
Field approach, Rice-Ramsperger-Kassel-Marcus calculations, and numerical simulation of
published shock-tube data of nitrosobenzene and benzene pyrolysis. The rate constant of C-H
fission in the phenyl radical was determined from the rates of H-atom production during the
pyrolysis of nitrosobenzene for 1450 < T <1730 K and 1.5 <p < 7 atm. The experimental rate
constant was successfully reproduced and extrapolated with RRKM calculations. It was
demonstrated that a revised Bauer-Aten mechanism of the thermal decomposition of benzene,
featuring H-ejection from phenyl followed by the concerted decomposition of o-benzyne, is
capable of reproducing the published data of benzene decomposition in a single-pulse :shock
tube.

The Effect of Stoichiometry on Vortex Interactions (with J. B. Bell, N. J. Brown, M. S. Day,
J. F. Grcar, and S. R. Tonse) :

The interaction of a vortex pair with a premixed flame serves as an important prototype for
premixed turbulent combustion. In this study, we investigated the interaction of a counter-
rotating vortex pair with an initially flat premixed methane flame. We focussed on
characterizing the mechanical nature of the flame-vortex interaction and on the features of the
interaction strongly affected by fuel equivalence ratio, ¢. We compared computational solutions

obtained using a time-dependent, two-dimensional adaptive low Mach number combustion
algorithm that incorporated GRI-Mech 1.2 for the chemistry, thermodynamics and transport of
the chemical species. We found that the circulation around the vortex scours gas from the
preheat zone in front of the flame, making the interaction extremely sensitive to equivalence
ratio. For cases with ¢ = 1, the peak mole fraction of CH across the flame was relatively

insensitive to the vortex whereas for richer flames we observed a substantial and rapid decline in
the peak CH mole fraction, commencing early in the flame-vortex interaction. The peak
concentration of HCO was found to correlate, in both space and time, with the peak heat release
across a broad range of equivalence ratios. The model also predicted a measurable increase in
C,H, as a result of interaction with the vortex, and a marked increase in the low temperature
chemistry activity. ‘

Formation of Cyclopentadienyl from Addtion of Acetylene to Propargyl (with N. W. Moriarty,
X. Krokidis, and W A. Lester, Jr.)

The addition of acetylene and propargyl has been investigated using several DFT methods
including B3-LYP, B3-PW91 and B&H-H&LYP. The optimized geometries were calculated
using the 6-31G(d,p) and the cc-pVTZ basis sets. Quantum Monte-Carlo (QMC) calculations
were performed at the B3-LYP/cc-pVTZ optimized geometries. A number of other theoretical
methodologies including CBS-RAD, G2, G3 and their economical variations were used to study
some important features of the potential energy surface and thermochemistry of the
cyclopentadieny! radical. A

The RRKM rate constants were determined for the reactions leading to the formation of the
cyclo-C5H5 radical. A detailed analysis of the reaction pathways was performed using the
MultiWell suite of codes to provide time dependence and efficiency of the overall reaction which
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has three major paths of four or more reaction steps. The heat of formation and rate of
decomposition of the radical were determined and compared with experiment. The critical and
interesting hydrogen migration common to all paths was examined using Bonding Evolution
Theory (BET) concepts applied to the Electron Localization Function (ELF). The results support
the feasibility of this step for aromatic formation, and show that this pathway should be
competitive with other accepted channels.

Future Plans

1. Numerical Approaches to Reaction Kinetics: Further investigation of approaches to increase
the economy of the PRISM method: (a) Using the “gradient” of the reaction trajectory to
estimate a priori whether a hypercube is likely to be used a sufficient number of times to
warrant its construction; (b) Selection of the hypercube size based on species sensitivities;
(¢) To reduce the number of dimensions in the factorial design; (d) To test the method in 2D-
and 3D-CFD simulations and on a larger chemical model, that of natural gas combustion
with a set of about 20 chemical species. (In collaboration with Bell, Brown, and Grcar).

2. Soot Modeling: To perform two-dimensional CFD calculations of turbulent combustion with
soot model included. The objective is to investigate interaction between turbulence and such
a complex chemical reaction model as soot formation. (In collaboration with Bell, Brown,

and Grcear).

3. Soot Chemistry: To continue ab initio quantum-chemical analysis of reactions critical to the
development of kinetic models of aromatic growth. After the completion of the propargyl +
acetylene — cyclopentadiene, we will focus on the next step of this reaction pathway:

cyclopentadiene + acetylene system. (In collaboration with Lester).

4. Particle Aggregation: To complete the ongoing investigation of the relationship between
instantaneous volume, surface area, and fractal dimension of the growing soot particle, and,
based on these data, develop a mathematical model that capture the essential physics of the
particle dynamics undergoing simultaneous coagulation and surface growth.
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Multiresonant Spectroscopy and the High-Resolution Threshold
Photoionization of Combustion Free Radicals

Edward R. Grant
Department of Chemistry
Purdue University
West Lafayette, IN 47907
edgrant@purdue.edu

Program Definition/Scope

In this research we apply methods of multiresonant spectroscopy and rotationally resolved
threshold photoionization to characterize the structure, thermochemistry and intramolecular
dynamics of excited neutrals and cations derived from combustion free radicals. The objectives of
this work are: (1) To measure ionization potentials with wavenumber accuracy for a broad set of
polyatomic molecules of relevance to combustion and combustion modeling; (2) To determine
vibrational structure for cations as yet uncharacterized by ion absorption and fluorescence
spectroscopy, including the study of anharmonic coupling and intramolecular vibrational
relaxation at energies approaching thresholds for isomerization; (3) By threshold photoionization
scans, referenced in double resonance to specific cation rovibrational states, to obtain information
on originating-state level structure useful for the development of neutral-species diagnostics; (4)
To measure rotationally detailed state-to-state photoionization cross sections for comparison with
theory; and (5) To spectroscopically study near-threshold electron-cation scattering dynamics of
relevance, for example, to plasma processes such as dissociative recombination, by acquiring and
analyzing rotationally resolved high-Rydberg spectra.

Recent Progress

Appearance of the A 'IT-- X ' 3" transition in the(1+2)-photon ionization-detected
absorption spectrum of BH

We have obtained the first resonance-enhanced multiphoton ionization (REMPI) spectrum
of diatomic boron hydride. BH fragments are formed by the 193 nm photolysis of B,Hs entrained
in Hy in a pulsed free-jet expansion. Over the spectral range from 368 to 372 nm, we find
rotational line features at cation masses m = 12 ('BH"), m = 11 (°BH’, ''B*) and m = 10 (°B").
Figure 1 shows an example for mass m = 12. All lines observed in this spectrum and the ones
recorded for lighter masses can be assigned to the one-photon transition, A 'IT (v' = 2) -- X '=*
(v" = 0), in "BH or its less-abundant isotopemer, '"BH. Because cation production at these
wavelengths requires three photons, the structure exhibited here must arise from resonant one-
photon absorption followed by two-photon ionization in a (1+2)-photon process. Examination of
the energy spacing of electronically excited states in BH shows that this (1+2)-photon ionization
pathway is likely assisted by a near-resonance with the v = 1 level of the B 'Z" state at the second-
photon level. The efficiency of this ionization route suggests that the A 'IT excited state will serve
as an effective gateway in two- and three-color strategies to probe the structure and dynamics of
the higher excited states of this reactive intermediate.
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Figure 1. Mass-resolved (1+2)-photon ionization-detected absorption spectrum of "BH (upper trace). Simulation
of the one-photon A 'IT (v' = 2) - X 'E* (v" = 0) transition for a bimodal rotational state distribution characterized
by temperatures of 40 K (0.9) and 600 K (0.1) (lower trace). Low-temperature BH radicals are detected down-
stream by (1+2)-photon resonant ionization following 193 nm pulsed-jet photolysis. The additional higher-
temperature contribution to the BH spectrum is thought to arise from probe-laser-induced photolysis of higher
boron hydride fragments (probably BH,) in the extraction region of the mass spectrometer. Near double resonance -
with the B 'S state at the level of the second photon enhances the cross section for two-photon ionization of
photopopulated A-state levels. '

+
Experimental Characterization of the Higher Vibrationally Excited States of HCO :
Determination of @, x,, &, and B,

We have analyzed high Rydberg series of HCO built on the (030) vibrational state of the
core in an effort to establish rovibrational state-detailed thresholds for the (030) level of HCO".
UV-visible laser double resonance rovibrationally isolates series for assignment. Strongly vertical
Rydberg-Rydberg transitions from photoselected N’ = 0 and N’ = 2 rotational levels of the X~
Renner-Teller vibronic component of the 3pn 1 (030) complex define individual series
converging to rotational levels, N" = 1 through 5 and 3 through 5 of the HCO" vibrational states
(03'0) and (03°0), respectively. Figure 2 shows a portion of the spectrum observed from 3pn *I1
.(030) ™ N' = 0, together with a simulation. Prominent resonances can be identified which have
quantum defects closely related to ones identified in a comprehensive assignment of series
converging to the (010) state of HCO™.
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Figure 2. Spectrum of HCO autoionization resonances obtained in transitions from the N' = 0 level of the &~
component of the 3pn *IT (030) system (upper trace). Simulation drawn from quantum defects established by
analogy to our comprehensive assignment of Rydberg series built on the (010) state of HCO".

Extrapolation of autoionizing series in the (030) spectrum locates the positions of HCO*
rovibrational states associated with the second bending overtone to within + 0.01 cm™. The use
of this information combined with precise ionization limits for lower vibrational states determined
from earlier Rydberg extrapolations and spectroscopic information available from infrared
absorption measurements enables us to accurately estimate the force-field parameters for HCO'
bending. Parameters derived from our measurements include the harmonic bending frequency, ®,,
the vibrational angular momentum splitting constant, g;;, and the diagonal bending anharmonicity,
Xy, separated from the off-diagonal contribution, x;,, by reference to ab initio calculations.
These results are tabulated below together with comparisons to recent theoretical predictions.

In preliminary work on new combustion free-radicals, we have obtained REMPI signals
establishing the production of OH and HCO from formic acid, and begun a collaborative effort
with Barney Ellison to explore carbonyl-nitrites as a precursors for substituted formyl radicals
such as HOCO and NH,CO.
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Table 1. New vibrational constants for HCO® derived from state-detailed ionization thresholds

Experiment Puzzarini (‘96) Lee (°93) Lee ("93) Schmatz (°98)
MRCI CCSD(T)/ CCSD(TY CCSD(TY
cc-pVTZ cc-pvVQZ cc-pVQZ
Vi 3088.73 3090.4 3087.9 3085.58
v2 829.72 830.7 824.2 830.74
V3 2183.95 2182.7 2166.0 2179.09
2v, 1643.73¢ 1641.1 : :
3v, 246235 2458.9
o1 3243.1. . 3229.6 32231 .. 3223
®2 842.57¢ 8524 - 832.5 841.9 845
03 2208.1® 22162 . 21958 122093 2209
X11 -54.039 -54.204
X2 -2.53¢ -3.575 -0.860
X33 -10.055 -10.003 -9.963
X12 -22.044 -22.034
X13 ‘ -25.878 -22.201
X23 0.134 0.459 1.112
922 3.26¢ 4.589 4.776
@ This work '

® Oka, TMS 128, 236 (1988) {based on theoretical x;3 = -8.4}
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REACTIONS
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PROGRAM SCOPE

This research focuses on the development and application of accurate quantum mechanical methods to
describe gas phase chemical reactions and highly excited molecules. Emphasis is placed on time-
dependent or iterative quantum approaches that, in addition to computational simplifications, yield
mechanistic insights. Applications to systems of current experimental and theoretical interest, and
relevance to combustlon are emphasized. The results of these calculations also allow one to gauge the
quality of the underlying potential energy surfaces and the reliability of more approximate theoretlcal
approaches such as classical trajectories and transition state theories.

RECENT PROGRESS

The role of electronic non-adiabacity in the O(!1D) + Hp — OH + H reaction was explored with three-
dimensional wave packet calculations that included two relevant potential energy surfaces and their non-
adiabatic coupling (Gray, Petrongolo, Drukker and Schatz, 1999). The previously developed real wave
packet approach (Gray and Balint—Kurti, 1998), owing to its favorable memory and computational
requirements, was found to be extremely useful for this study. A novel nonadiabatic mechanism for
reactivity at relatively low collision energies was identified, and estimates of the contribution of excited
state and nonadiabatic dynamlcs to the thermal rate constant were made. Another interesting reaction
involving O('D) atoms, O('D) + HCl — OH + Cl was also studied successfully with the real wave
packet approach in collaboration with Bowman's group (Christoffel ez al., 1999).

An efficient theoretical approach to the quantum mechanical calculation of bimolecular rate constants
was developed (Forsythe and Gray, 1999). The approach makes use of Miller's cumulative reaction
probability [1] and Zhang and Light's [2] interpretation of it as a sum over "transition state wave
packets". The approach involves implementation of the transition state wave packet idea within the real
wave packet formalism. The method was illustrated with full dimensional (including fully coupled, total
angular momentum J > 0) wave packet calculations of the rate constant for the D + H, — HD + H

exchange reaction.

Bound and resonance states of HpO were be investigated with a variety of quantum mechanical
techniques including Lanczos and Chebyshev iterations. Three dimensional calculations based on an
accurate ab initio potential surface developed by Ho et al. {3] were carried out. Resonances above the
OH + H threshold were found that represented the direct continuation of local mode progressions in the
bound states.
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FUTURE PLANS

Recent experimental developments [4] have suggested that excited state and nonadiabatic dynamics may

influence the relative reactivity of j =0 and j = 1 initial rotational states in the O(ID) + Hy (v=0,j) —
OH + H reaction. Our previous work focused on v = j = 0 and total nuclear angular momentum J = 0
(Gray, Petrongolo, Drukker and Schatz, 1999) but with additional computational effort it is possible to
obtain reasonably accurate quantum cross sections and to directly connect with these interesting new
experimental results. Preliminary calculations suggest that an interesting, subtle picture exists regarding
the collision energy dependence of the ratio of the j = 1 and O cross sections that could have interesting
experimental implications.

Accurate adiabatic quantum mechanical studies of several other three-atom systems will be undertaken
using the real wave packet and related iterative methods previously developed. The quantum dynamics

of the O(3P) + HCI reaction will be studied on a new ab initio potential surface, and comparison with
experimental rate constants will be made. A study of a variety of ro-vibrational states of different
electronic surfaces of HCP will also be undertaken with Nanbu, to elucidate the nature of highly excited
electronic states in this system. The scattering dynamics of several four-atom systems, including the
combustion important CH + H, - CH,; + H and OH + OH — H,0 + O systems, will be investigated in

collaboration with Goldfield and Nanbu.

A project on the ab initio dynamics of singlet ketene dissociation, CH,CO — CH, + CO, with the hope
of eventually making connection with experiments from Hall's group [5], will be initiated (in
collaboration with S. J. Klippenstein). The experiments have pointed to interesting deviations from
phase space theories and it is hoped that the direct dynamics will shed light on the origin of these
deviations.

[1] W H Mlller S.D. Schwartz, and J. W. Tromp J. Chem. Phys. 79, 4889 (1983).
(2] D. H. Zhang and J. C. Light, J. Chem. Phys. 106, 551 (1996).
(3] T. S. Ho, T. Hollebeek, H. Rabitz, L. B. Harding, and G. C. Schatz, J. Chem. Phys. 105, 10472
(199
S
G

996).
(4] .H. Lee and K. Liu, J. Chem. Phys. 111, 4351 (1999).
[3] E. Hall, private communication.
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cumulative reaction probability, J. Chem. Phys. 112, 2623 (2000).
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Project Scope B a ST Co
The combustion chemistry of even simple fuels can be extremely complex,

involving hundreds or thousands of kinetically significant species. Even relatively minor
species can play an important role in the formation of undesirable emissions. A number
of researchers [1-8] have recognized that the most reasonable way to deal with this
complexity is to use a computer not only to numerically solve the kinetic model, but also
to construct the model in the first place. We are developing the methods needed to make
this feasible, particularly focusing on the need for reliable computer estimates of pressure
dependent rates, and methods for handling situations where the reaction conditions
change significantly with time or with spatial position.

Recent Progress

. We previously devised [8] the first general algorithm for constructing kinetic
models appropriate to particular reaction conditions, by numerically testing whether
particular species are significant under those conditions. This algorithm can very rapidly
and reliably construct rather complex kinetic schemes, testing hundreds of thousands for
reactions to find the smaller set which is actually important. It is much less prone to
inadvertently omitting an important reaction than other model construction techniques. It
has the advantage of clarifying the relationship between the reaction conditions and the
kinetic model required. Unfortunately, the existing algorithm is explicitly designed for
perfectly mixed, isothermal, isobaric simulations. Relaxing these restrictions raises a
number-of issues. ‘

The key issue in constructing any kinetic model, of course, is how to reliably
estimate the rate constants required. Fortunately, many of the important rates for light
alkane combustion are known experimentally, though usually over a restricted range of
temperatures and pressures (e.g. moderate temperatures, atmospheric or sub-atmospheric
pressure). We have found that in many cases the largest error in ab initio rate estimates
comes from errors in the calculated barrier height, so one should use the available
experimental data to determine the barrier height, and the quantum calculation to estimate
the Arrhenius "A" factor (which may be T-dependent). We recently published a
demonstration that this approach allows rather accurate extrapolations to different
temperatures, using relatively simple density functional theory calculations and
conventional transition state theory.[16]

However, in some situations, the A factor cannot be computed accurately using
the conventional separability assumptions, due to the effects of specific floppy motions
coupled to the reaction coordinate. One very common situation arises in combustion
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reactions of resonantly-stabilized radicals, where motion along one or more torsional
coordinate can break the resonance by destroying the alignment of the p-orbitals
involved. We have recently constructed the appropriate Hamiltonian for the case where a
single large amplitude torsional coordinate is strongly coupled to the reaction coordinate
(and to many small-amplitude coordinates), and solved the Hamiltonian by integrating
out the fast motions corresponding to the small-amplitude coordinates. We have applied
this technique to several reactions involving resonantly stabilized radicals, presented our
results at the American Chemical Society meeting in March, and are now preparing this
work for publication. We find that the A factor is indeed affected by the large amplitude
motion, but due to cancellation of error and thermal averaging, the A factor computed
using the conventional separability approximation i1s more accurate than one mlght
initially expect.

For many reactions, pressure-dependent fall-off and chemical-activation effects
are very significant. In collaboration with the Exxon researchers, we are currently
automating the process of computing pressure-dependent rate constants, so that the
computer can do this "on-the-fly" as it constructs the kinetic model. A large piece of this
work has been completed and presented at the SIAM Numerical Combustion meeting in
March by Jeff Grenda of Exxon, and we are currently preparing a manuscript
demonstrating its effectiveness by comparison with experimental data on methane
pyrolysis. For systems involving larger molecules, efficient methods for screening out
unimportant chemically-activated isomerizations will be necessary, and we are currently
working to demonstrate that our chosen screening criteria are valid for a variety of
different types of cases.

As a first step, we have automated the inverse-Laplace-transform [9] method
(which gives predictions very similar to QRRK [10]), and have applied it to several
pressure-dependent reactions where there is some controversy [11,12] about the rates.
Our calculations on OH+NO, have recently been published.[17] We are also examining
other methods for estimating pressure-dependence, and attempting to assess the errors
introduced by the various approximations. Curiously, for OH+NO; at atmospheric
conditions, the error appears to be dominated by uncertainty about the details of the
coupling of the overall rotational energy with the reaction coordinate, rather than details
about the potential energy surface or the pressure-dependence model used. We have
recently submitted several manuscripts [18-21] predicting pressure-dependent rates for
larger radicals involved in combustion where no experimental data are available.

In combustion, the overall rate of reaction is usually controlled as much by
mixing as by any rate constant. Conventional reacting-flow simulation techniques can
only be used if the chemistry model is very small, since they typically attempt to solve
for the concentration of every chemical species in the model at every spatial position and
at every time point in the simulation. Since the computer can rapidly construct kinetic
models adapted to each reaction condition, it should be possible to construct an "adaptive
chemistry" reacting flow simulation, where different truncated kinetic models are used at
different spatial positions and times. This could dramatically reduce the number of
equations which must be solved in the simulation. We have developed an adaptive
chemistry algorithm, and have successfully applied it to 0-d (time-dependent) problems.
We presented these results at the SIAM Numerical Combustion conference in March. We
are currently extending this approach to 1-d and 2-d flame simulations.
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As a first step towards developing such a simulation, we have been examining
how one could in practice develop truncated kinetic schemes known to be reliable over a
specific range of reaction conditions. We have reformulated the scheme-reduction
problem as a type of mixed-integer dynamic optimization problem, and are currently
working on the numerical solution of that problem in collaboration with Paul I. Barton.

Future Plans S

In the coming year we will coupling the pressure-dependent rate modules with the
existing kinetic-modeling package, and testing the results on a variety of applications. In
collaboration with-Exxon, we have devised a general algorithm which constructs every
chemically-activated and stabilization pathway, and so can construct and solve:the. .
equations which describe the pressure dependence. The required k(E)'s and p(E)'s can be
obtained from the high-pressure limit k(T)'s and the group-additivity heat capacities by
the inverse Laplace transform technique [9] and the "3-frequency"” technique [13]
respectively. The pressure dependence can be estimated in many different ways ranging
from simple approximations to full-blown time-dependent master equations; we have
begun to explore the tradeoffs between accuracy and computational speed. At least
initially, we will use the exponential-down model for energy transfer, and the
corresponding Troe Bk[M] approximation.[14] For large molecules there are a very large
number of possible reaction pathways, and some pruning will be necessary. This can be
done by setting a criterion for kinetic significance which suppresses the most minor
channels, and we are currently testing that such pruning does not significantly reduce
accuracy. Once one has constructed the pressure-dependence model, it can be solved for
a range of pressures and for different initial energy distributions of the activated complex
(corresponding to different entrance channels and temperatures). We will test this new
tool by computing the pressure dependence of a large number of reactions; in performing
these validations we have already found some surprises.

The longer term challenge is to develop reliable methodology for constructing and
~ solving "adaptive chemistry" reacting-flow simulations. Initially, we will focus on the
"model-reduction" and related "range-of-applicability" problems for truncated kinetic
models. We will also test various approximations we have devised for dealing with the
boundaries between finite elements with different kinetic schemes (involving different
numbers of species). For the numerical solution, we draw heavily on numerical methods
for solving differential-algebraic equations with discrete control variables recently
developed at MIT [15]. Initially, we will construct the reacting flow simulations by hand,
for very simple geometries. Once we demonstrate that the "adaptive chemistry" approach
provides a significant advantage over current approaches, we can begin to incorporate the
technology developed by others for adaptive gridding etc. that would be required for
reacting flows through complex geometries.
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Mechanisms of Coal Combustion

Coal is a very important energy source for electric power generation in the United
States. However, the mechanistic steps in the combustion of coal is not well und